A Mathematical Analysis of Shrimp Population Dynamics. by Billups, Charles Wendell
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1974
A Mathematical Analysis of Shrimp Population
Dynamics.
Charles Wendell Billups
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation




This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to  photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.
The following explanation of techniques is provided to  help you understand 
markings or patterns which may appear on this reproduction.
1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to  obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.
2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to  begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.
4. The majority of users indicate tha t the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to  the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title^ author and 
specific pages you wish reproduced.
5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.
Xerox University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106
74-24,758 !iBILLUPS, Charles Wendell, 1940- ;A MATHEMATICAL ANALYSIS OF SHRIMP POPULATION ;•DYNAMICS. |






University Microfilms, A XEROX Com pany, Ann Arbor, Michigan 1
THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED.




Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy 
in
The Department of Marine Science
by
Charles Wendell Billups
B.S., Marshall University, 
May, 1974
EXAMINATION AND THESIS REPORT
Candidate: Billups, Charles Wendell
Major Field: Marine Sciences
Title of Thesis: A Mathematical Analysis of Shrimp Population Dynamics
Approved:
Major Professor and Chairman 






The author wishes to acknowledge the expert guidance 
rendered by his major professor, Dr. Bert Wilkins, Jr.,
Department of Chemical Engineering, and my ''advisory committee 
members: Dr. James M. Coleman, Dr. James G. Gosselink, Dr.
William G. Smith, and Dr. Harold C. Loesch, Department of Marine 
Science; and Dr. Ralph W. Pike, Department of Chemical Engineering.
An added note of thanks is extended to Dr. Harold C. Loesch 
and Mr. Joseph W. Jacob, Jr., Department of Marine Science, for 
the use of their shrimp field data. The use of hydrological and 
shrimp sampling data provided by the Oyster, Water Bottoms and 
Seafoods Division of the Louisiana Wildlife and Fisheries 
Commission is here acknowledged. The assistance of Mr. Barney B. 
Barrett of that Division is particularly appreciated.
The assistance of others who aided in the preparation and 
review of the manuscript is also appreciated: especially the
programming tips by Mrs. Nancy Roque and the general encouragement 
of Dr. Harry H. Roberts, Coastal Studies Institute.
The author also acknowledges financial support by the 
Office of Sea Grant Development, Louisiana State University.
The University's Sea Grant program is a part of the National 
Sea Grant Program, which is maintained by the National Oceanic 




ACKNOWLEDGMENT ................................................  ii
LIST OF TABLES ................................................  Y
LIST OF FIGURES .....................    vi
NOMENCLATURE ........................ .......................... ix
ABSTRACT ..............  ......................... xi
CHAPTER
I INTRODUCTION ......................................  1
II SHRIMP FISHERIES BIOLOGY .........................  19
*
Spawning .....................................  22
Larval stages ................................ 24
Recruitment .................................. 27
G r o w t h   .....    30
Mortality ....................................  36
Emigration ................................... 37
Spatial distribution ........................  42
Length-weight relationship .................  45
Total production ............................  46
III DEVELOPMENT OF MATHEMATICAL MODELS ....   50
General population balance .................   50
Well-mixed tank model .......................  52
Models of biological parameters ............  53
Initial and boundary conditions ....... 54
Recruitment model  .............  55
Growth rate model ...................... 57
Mortality ............................... 63
Emigration.......    72
Spatial distribution ................... 74
Fisheries yield model .......................  75
IV ANALYSIS OF MATHEMATICAL MODELS .................  78
Solution technique ..........................  78
Computer programs ...........................  82
Recruitment study ...........................  85
Growth rate s t u d y .............................129
Mortality study ............................   135
Total shrimp production ..................... 143
iii
CHAPTER
V CONCLUSIONS AND RECOMMENDATIONS ................  144
BIBLIOGRAPHY .................................................  151
APPENDICES ...................................................  160
A. Development of general population balance ........  160
B. Functional forms of frequency distributions
for initial conditions ...........................  163
C. Von Bertalanffy growth model ......................  168
D. Development of fisheries yield model .............. 172
E. Numerical solution techniques .....................  188
F. Computer program for length-distribution .......... 197




I-I Volume and value of major U.S. fisheries
for 1971 ...........................   2
I-II U.S. shrimp landings by area ..................  4
I-III South Atlantic and Gulf shrimp landings by
state  .........................     6
I-IV South Atlantic and Gulf shrimp landings by




1-1 Louisiana shrimp production....................  12
1-2 Brown shrimp production, Barataria
and Caminada Bays............................... 14
1-3 Systems analysis for Barataria Bay>
Louisiana.......................................  16
II-l Generalized shrimp life-cycle and typical
length-frequency distributions................  20
II-2 Temperature effects on aztecus larval
development.....................................  25
II-3 Summary of factors influencing post-larvae
recruitment.....................................  31
II-4 Brown shrimp growth rate as a function of
temperature.....................................  34
II-5 Summary of factors influencing shrimp mortality
rates............................................ 38
II-6 Relationship of brown shrimp mean-length to
time of capture upon emigration from Galveston 
Bay system...............   40
II-7 Summary of factors influencing shrimp
emigration rates...............................  43
II-8 Length to weight relationship for brown
shrimp..........................................  47
III-l Recruitment model with constant amplitude  58
III-2 Temperature variation during estuarine phase
of brown shrimp life-cycle..................... 60
III-3 Comparison of juvenile brown shrimp growth
with temperature...............................  64
III-4 Weekly mortality rates as a function of water
temperature...............  69
IV-1 Typical finite-difference grid.................  79
vi
Figure Title Pa8e
IV-2 Generalized flow chart of length-distribution
program..............................   83
IV-3 Sample CALCOMP plot of calculated results
and observed field data..........................  86
IV-4 Results of preliminary model assuming
continuous recruitment...........................  89
IV-5 Louisiana Wild Life and Fisheries Commission
length-frequency data for brown shrimp in 
Barataria Bay, 1969............................... 92
IV-6 LSU Sea Grant length-frequency data for brown
shrimp in Airplane Lake, 1970.................... 95
IV-7 Recruitment study with sinusoidal input,
amplitude = 1.0........................   99
IV-8 Recruitment study with sinusoidal input,
amplitude = 2.0..................................  101
IV-9 Recruitment study - variance of normal
distribution equal to 3.8........................ 104
IV-10 Recruitment study - variance of normal
distribution equal to 4.8........................ 107
IV-11 Recruitment study - results of figure IV-10
converted to percent frequency distributions. . Ill
IV-12 Recruitment study - superpositioning of pulses
during period of low growth rate................  113
IV-13 Relation of post larvae catch to tidal stage...' 116
IV-14 Recruitment and growth rate study - illustrating
need for additional pulses of recruitment and 
decrease in growth rate..........................  119
IV-15 Recruitment and growth rate study - pulses of
recruitment overcompensating distributional 
shift.............................................  123
IV-16 Recruitment and growth rate study - acceptable
results for coupling of parameters.............  ^ 6
vii
Figure Title Page
IV-17 Louisiana Wild Life and Fisheries Commission
brown shrimp length-frequency data averaged 
over all sampling stations in Barataria Bay,
1967...........   131
IV-18 Mortality Study - gear selectivity at 70 mm.... 137




A - Amplitude constant in recruitment function (Eq. 6)
B - Number distribution of birth (recruitment per unit
time)
°C - Temperature on Celsius scale
D - Number distribution of mortality per unit time
E - Instantaneous rate of migration (1/week)
F - Instantaneous rate of fishing mortality (1/week)
f( ) - General representation of a function with independent
variables as indicated by the symbol(s) enclosed by 
parentheses
K - Proportionality constant in von Bertalanffy growth
equation, for catabolic rate 
L - Length (total) in millimeters
Lq - Length at an arbitrary initial time (t=0) in
von Bertalanffy growth equation 
HlAX “ Maximum average shrimp length attainable, used in
von Bertalanffy growth equation 
L t - Length at time t in von Bertalanffy growth equation
M - Instantaneous rate of natural mortality
[0] — Order of truncation error for finite difference analog
of the derivatives 
p - Population property
- Length property for characterization of shrimp population 
S - Average salinity in parts per thousand (o/oo)
ix
S - Survival rate (percent per week)
T - Average temperature in °C
t - Time in weeks
- Rate of change of the i-th population property 
v^ - Rate of change of length, dL/dt
vjc,Vy,v2 - Components of species velocity
x,y,z - Cartesian coordinates
Z - Instantaneous rate of mortality = M + F (1/week)
ZT - Instantaneous rate of mortality and emigration =
Z + E (1/week)
V - Del operator = i. + k -5—“  ox ay az
L - Increment of length for finite difference grid
t - Increment of time for finite difference grid
Y - Number distribution of shrimp
Y0 - Number distribution at i initial time, t = 0
x
ABSTRACT
The estuarine region of Louisiana provides extensive nursery 
grounds for young Penaeid shrimp. Post larval brown shrimp,
Penaeus aztecus, Ives, are recruited from the Gulf of Mexico in 
early spring and in a period of two to, three months grow to a 
commercially acceptable size ( - 86 mm total length). In antici­
pation of the time when at least half of the population will attain 
the acceptable size, the Louisiana Wild Life and Fisheries 
Commission sets an opening date for the inshore brown shrimp 
season. A constant growth rate estimated from field observations 
in previous years is the basis for projecting the field-measured 
length distribution to the season opening date. Actually, the 
dynamics of growth as well as natural mortality and migration 
depend upon environmental conditions which may vary widely from 
one season to another. Hence, it is desirable to have more general 
techniques for analyzing the dynamics of shrimp length-distributions. 
In this study, the merits of a length-distribution model which 
incorporated environmental conditions was explored. The primary 
environmental condition studied was temperature.
A population balance model was applied to the analysis of
brown shrimp length-frequency dynamics during the estuarine phase
of the life-cycle. The general population balance which represents
the population dynamics was reduced to a form suitable for shrimp
length-frequency studies. The initial condition necessary for
solution of the reduced equation and functional forms of the
xi
biological parameters were developed through an iterative approach 
of testing theoretical results with observed field data.
Finite-difference techniques were used to convert the partial 
differential equation to a set of algebraic equations which were 
solved with the aid of a digital computer. A discussion of the 
techniques and computer codes are included.
Results are discussed in terms of the basic population 
parameters: recruitment, growth, natural and fishing mortalities,
and emigration. Although models for the parameters were purpose­
fully kept simple, acceptable agreement between calculated results 
and observed data was obtained. Chief potential uses of the model 
are to predict size distribution changes with respect to time, 
to determine optimal fishing strategy, and to better understand 
the mechanism of post-larval transport. The model provides a 
tool which shrimp biologists and resources managers can use to 




The landings by the United States shrimp fleet during 1971 
of 388 million pounds, heads-on weight, marked the third consecutive 
record-setting production year. The exvessel value of these 
landings was $167 million, which again earned the number one 
ranking for shrimp as the nation's most valuable fishery resource 
as illustrated in Table I-I.
Most important in shrimp production are the continental shelf 
and the estuarine zones of the Gulf of Mexico. However, increased 
landings by the Alaskan fleet in recent years have reduced the 
ratio of Gulf catch/U.S. catch from about 80 percent in 1965 to 
60 percent in 1971 (Table I-II). Nearly 70 percent of the South 
Atlantic and Gulf landings (or approximately 50 percent of the 
total U.S. landings in 1971) are annually recorded for the two 
adjacent Gulf states of Louisiana and Texas (Table I-III). The 
consistently high production for these two states is generally 
attributable to their large areas of estuarine habitat, estimated 
at approximately 3,379,000 acres in Louisiana (Barrett, 1970) 
and 1,344,000 acres in Texas (Van Lopik, 1970).
Shrimp of the family Penaeidae, which account for nearly all 
the Gulf and South Atlantic catch, are closely associated with 
brackish, sliallow-water environments (Kutkuhn, 1966). Nine species 
of penaelds contribute to the gulf fishery with the three species 
most dependent on the estuary providing the hulk of the catch
2
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(Data from National Marine Fisheries Service, 1972)
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Table I-II. U.S. shrimp landings by area.





2/ 15.3 105.8 9.3 130.6
1960 0.1 18.6 122.4 7.4 148.5
1961 2/ 11.8 79.6 12.4 103.9
1962 .1 16.5 89.3 13.2 119.2
1963 .3 9.8 128.4 12.1 150.7
1964 .5 11.0 113.3 8.3 133.1
1965 1.2 16.7 122.9 11.5 152.3
1966 2.2 13.6 112.8 19.6 148.2
1967 4.0 13.0 142.0 31.0 190.0
1968 8.3 15.3 128.3 32.2 184.1
1969 16.1 17.1 126.1 35.7 195.0
1970 13.5 13.1 145.1 52.9 224.6
1971 13.7 19.5 143.0 60.1 236.3
1/ Total includes small quantities taken in the Middle Atlantic, 
Chesapeake Bay, and Mississippi River areas.
2/ Less than 50,000 pounds.
(Data from National Marine Fisheries Service, 1972-a)





average 1968 1969 1970
N. Carolina 2.7 3.6
—  Million pounds ---
2.9 4.9 3.2
S. Carolina 2.8 3.5 4.1 3.7 3.1
Georgia 4.6 4.9 5.5 5.3 3.8
Florida 26.3 20.8 20.2 17.6 19.4
Alabama 3.6 8.2 9.6 9.4 9.5
Mississippi 4.6 5.6 6.3 5.6 8.0
Louisiana 34.5 44.3 42.8 52.1 57.6
Texas 40.8 50.4 52.3 44.6 55.6
Total 119.9 141.3 143.8 143.2 158.2
2J Preliminary












(Table I-IV). Brown shrimp, Penaeus aztecus, white shrimp,
£. setiferus, and pink shrimp, P̂ . duorarum, are 'recruited' to 
the estuarine areas as post larvae, about 10-20 mm in total length 
and in a period of two - three months grow to a commercially 
acceptable size (about 86 mm). Although almost continuously 
distributed throughout the Gulf, pink shrimp are landed in sizable 
quantities only off southern Florida and are insignificant to the 
inshore fishery (Osborn, Maghan, and Drummond, 1969). Brown 
and white shrimp fisheries are centered in the north-western Gulf 
and support significant inshore fisheries in Louisiana and Texas 
(i.e. about 20 percent of the total annual Gulf landings as 
reported by Osborn, Maghan, and Drummond, op. cit.). Sub-adult 
shrimp returning to the deeper Gulf waters to mature and spawn 
contribute to the offshore fishery.
The necessity for rational management of the inshore shrimp 
fishery is obvious if the yields of both inshore and offshore 
fisheries are to be maintained or further increased. For example, 
over-exploitation by the inshore fishery or alterations which 
reduce the suitability of the estuarine habitat for juvenile and 
sub-adult shrimp could theoretically reduce the reproductive stock 
of offshore shrimp. The management responsibility in Louisiana 
is placed with the Louisiana Wild Life and Fisheries Commission 
(LWLFC) which fixes the opening and closing dates of the inshore 
seasons. The basis used by the LWLFC in determining the opening 
date is extrapolation from the mean total length of juveniles
Table I-IV. South Atlantic and Gulf shrimp landings by species.
Species 1965 1966 1967 1968 1969
Million pounds
Brown 67.5 71.2 105.9 82.6 71.1
White 44.2 35.9 32.0 41.9 55.7
Pink 27.2 18.7 16.3 18.5 16.2
Sea bobs .7 .5 .2 .7 .5





126.3 154.5 143.2 143.2
(Data from National Marine Fisheries Service, 1972-a)















making up the first major recruitment pulse to the time when more 
than 50 percent of that group will reach the commercially acceptable 
size (Ford and St. Amant, 1971). The growth rate used in the 
extrapolation and the estimates of the current year's harvest are 
based upon comparisons with field data of prior years. These methods 
appear quite useful as evidenced by increased production since the 
Commission's initiation of brown shrimp field studies in 1961 
(Figures 1-1 and 1-2).
The Barataria Bay system which was selected for the 
Commission's initial study has more recently been the focus of 
an interdisciplinary study by a team of scientists under the 
auspices of the Louisiana State University Office of Sea Grant 
Development (Coastal Studies Bulletin 1970, 1971). A major aspect 
of the study involves a systems analysis which will ultimately 
be used in making management decisions for the optimum use of the 
Barataria Bay region (Figure 1-3). Due to its commercial impor­
tance to the region, the inshore brown shrimp fishery has been 
selected for rigorous study.
The purpose of this thesis is to describe the application 
of population-balance models to the analysis of brown shrimp 
population dynamics in Barataria Bay during the shrimp season.
The initial step in the study was a survey of the literature for 
field and experimental data on brown shrimp. Those data pertinent 
to the model development are summarized in Chapter II. The 
general population-balance model is presented and reduced to a 
form suitable for shrimp length-frequency studies in Chapter III.
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Figure 1-2. Brown shrimp production, Barataria and Caminada Bays.
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A discussion of the initial condition necessary for solution of 
the balance equation and functional forms of the biological para­
meters is also presented. Finite-difference techniques used in 
the equation solution and digital computer programs developed 
for the analysis are discussed in Chapter IV.
The results presented in Chapter IV reflect the iterative 
procedure necessary for model development. Functional forms for 
the biological parameters postulated in Chapter III are tested 
against field data which have been collected by the Louisiana 
Wild Life and Fisheries Commission and Sea Grant field biologists.
After verification through the iterative procedure, the model 
is used to analyze the length distribution dynamics of brown 
shrimp in Barataria Bay as a function of environmental conditions, 




The life cycle of penaeid shrimp which are commercially impor­
tant to the western Gulf of Mexico fishery has been well documented 
(Burkenroad, 1934, Pearson, 1939, Lindner and Anderson, 1956, 
Wheeler, 1960, Cook, 1965, Renfro and Brusher, 1965, Kutkuhn, 1966, 
and Perez-Farfante, 1969). The summary by Broad (1965) is generally 
followed in this introduction. The generalized shrimp life-cycle 
and typical length-frequency distributions which might be expected 
at particular stages are given in figure II-l.
The adults usually spawn in coastal waters at depths not 
greater than twenty fathoms. The eggs are shed freely in the water 
and hatch to the naupliar stage within a day. Within the first or 
second day after hatching, the young shrimp larvae pass through four 
additional naupliar stages and enter the first of three protozoeal 
stages. Having subsisted on contained yolk prior to the first 
protozoeal stage, the larvae now feed for the first time. The 
protozoeal stages are completed in four to five days and the first 
of three mysis stages is begun. The third mysis stage ends after 
ten to fifteen days with metamorphosis to the postlarval stage. 
Through all larval and postlarval stages, transport from the 
spawning area to the estuarine "nursery" areas is presumably 
accomplished planktonically by tidal currents. The young shrimp, 
now adopting benthonic habits, select muddy or sandy substrates, 
depending upon species, and continue their rapid growth through
Figure II-l. Generalized shrimp life-cycle and typical 
length-frequency distributions.
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arbitrary phases of juvenile and sub-adult lives. Relatively 
slow but continuous emigration to deeper, more saline, water 
appears correlated with size and/or sexual maturation. Shrimp 
leaving the estuary in this continuous migration are usually in the 
sub-adult phase, the females not having reached sexual maturity.
Rapid mass migration in late autumn of all remaining shrimp has been 
related to abrupt temperature drops associated with cold fronts.
A portion of the population may survive overwintering in the near 
offshore waters and re-enter the estuary the following season. 
However, the greater portion of a succeeding year's population 
undoubtably results from the off-spring of those adults returning to 
the deeper Gulf to spawn, completing the cycle.
Specific information for the brown shrimp (Penaeus aztecus) , 
which is the prime concern of this modeling study, is presented 
in the following discussion. Information on the white (£. setiferus) 
and pink shrimp (1?. duorarum) has been included where needed data 
for the biology of aztecus are sparse or lacking.
Spawning
Copulation takes place between a soft-shelled female and a 
hard-shelled male and occurs without respect to the developmental 
stage of the ovaries (Burkenroad, 1939). In collections of 
]?. brasiliensis = (J?. aztecus)* from Louisiana, Burkenroad (1934)
* In earlier literature, Penaeus brasiliensis included both 
P. aztecus and P. duorarum.
found sexually mature adults only beyond the coastal area of the 
Inner littoral zone — .."from the open Gulf shore to a variable 
distance, about ten to twenty miles, offshore." Pearson (1939) 
noted the larger size distribution of planktonic 1?. brasiliensis =
(£. aztecus), compared to planktonic postlarvae of P. setiferus, 
and attributed the difference to a more distant offshore spawning 
area for the former. Renfro (1964a) found that most female brown 
shrimp with "ripe" ovaries were 140 millimeters or greater in 
total length. Renfro and Brusher (1963) noted that both brown and
white shrimp increase in average size with increase in station depth.
They found most brown shrimp to be in depths ranging from 15-25 
fathoms and reported a definite increase in catch of brown shrimp 
at night at all depths. Cook (1965), reporting the results of 
laboratory experiments, found that spawning takes place at night. 
Renfro (1965) reported that brown shrimp do not regularly spawn 
on areas much shallower than ten fathoms and that year round spawn­
ing occurs between depths of 25 to 60 fathoms. He noted spawning 
peaks in early spring (March-April) and late autumn (November-
December) with the greatest number of "ripe females in late
summer."
Estimates of egg production by an individual female white 
shrimp have been reported by Burkenroad (1934) and Anderson,
King, and Lindner (1949) to be 500,000 and 860,000, respectively. 
According to Pearson (1939), the egg of the white shrimp is demersal 
and sinks promptly in still sea water. Similar conditions are 
assumed to hold for the brown and pink shrimp.
Larval stages
The larval development for P. setlferus as described by 
Pearson (op. clt.) and outlined In the Introduction to this 
discussion has been similarly followed for £. aztecus by Cook 
and Murphy (1965). In studying the effect of temperature on larval 
development, they found more rapid development at 30°C than at 
lower temperatures and incomplete development at temperatures below 
24°C. A summary of their data is reproduced in Figure II-2. The 
time required to obtain the first post-larvae in these cultured 
shrimp was 15 days at 24°C, 12 days at 27°C, and 11 days at 30°C.
The greatest larval mortality was found at molt and during the first 
protozoeal stage. This transitional period, when the food supply 
of yolk material carried over from the egg is exhausted and the 
young shrimp must capture its own food, was noted by Anderson,
King, and Lindner (1949) to be a critical one in the animal's 
life history.
The distribution of larval forms in offshore plankton hauls 
has been used to identify probable spawning areas and peaks of 
spawning activity. Temple and Fischer (1967) considered the 
possibility that spawning, indicated by the presence of naupliar 
stages, might occur over a narrow temperature range. They also 
reported shifts in the areal distribution of larval stages with 
restriction of larvae to depths between 14 to 82 meters (7.6 to 
44.8 fathoms) in January to March, less than 46 meters (25.2 fathoms) 
in April to August and then back to depths greater than 14 meters 
in September to December. These shifts have been attributed to the
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Two peaks of brown shrimp spawning activity, one in early spring 
and the other in late autumn.
The abundance of brown shrimp larvae in late autumn hauls 
in the offshore Gulf waters and the larger length of some post lar­
vae recruited to the estuary the following spring have fostered 
the belief that overwintering in shallow offshore water may occur 
(Temple and Fischer, 1967). The difference in size of post larvae 
which Pearson (1939) explained by more distant offshore spawning 
areas could also be explained by overwintering. In laboratory 
reared post larvae, Cook (1965) noted a burrowing response to 
reductions in temperature and Zein-Eldin and Aldrich (1965) have 
found that brown shrimp survive well at lower temperatures (11°C) 
but exhibit little to no body length increase at temperatures 
below 18°C. The laboratory observations support the possibility of 
overwintering but no estimates of percent contribution to the 
spring recruitment have been attempted.
Recruitment
The single most striking feature of its early life history 
is the movement of the developing shrimp from the area of spawning 
activity to the estuarine "nursery" grounds. A knowledge of the 
transport, denoted as "recruitment" when the post larvae enter 
the estuary, is important to the management of the inland commercial 
shrimp fishery. Likewise, a knowledge of recruitment is important 
to the successful development of a mathematical model for the 
inland shrimp population dynamics.
Temple and Fischer (1965) compared catches of planktonic 
stages with bathythermographs to investigate vertical distribution 
of penaeid shrimp. With a vertically stable water mass, the pro­
tozoeal stages were found most frequently near bottom whereas post 
larvae were at or above mid-depths. Each stage was found nearer the 
surface just prior to or after darkness. With an unstable water 
column, all stages were found homogeneously distributed through-out 
the water column.
Aaron and Wisby (1964) found that photoactivation (attraction 
to low intensity light) and photoactive drive (strength of 
attraction) of juvenile pink shrimp varied non-linearly with size 
(total length). Photoactivation was greatest in 75 mm shrimp and 
photoactive drive was minimal in 90 mm shrimp. Naturally occurring 
cyclic phenomena were also found to affect the responses. Photo­
activation was lowest during times of nocturnal low tides, maximum 
during full moon, and minimum during new moon. Although not 
included in the study, post larval shrimp may respond similarly.
The results of the field and laboratory studies suggest a 
correlation between peak brown post larvae abundance in the water 
column and nocturnal high tides during the period of full moon. 
Several studies have used the basis that brown shrimp are more 
abundant during nocturnal recruitment. Baxter (1966) found 68 
percent of the 13,200 post larvae taken in a 72 hour study on 
Galveston Island were taken at night. St. Amant, Broom, and 
Ford (1965) compared tidal cycle and post larvae catch at Caminada 
Pass, Louis Inna. They concluded that the major recruitment was
on incoming tides but that no discernible difference could be
fseen between nocturnal and diurnal sampling. Caillouet, Perret, 
and Dugas (1970) likewise found no significant difference between 
frequency of catch for day versus night. They found two major 
peaks at night associated with rising tide and decreasing water 
temperatures and two afternoon peaks accompanying falling tide and 
increasing water temperature. King (1971) reported the occurrence 
of two peaks and concluded that the greatest recruitment is 
provided by post larvae which have overwintered in offshore waters. 
He also found statistical correlation of post larvae abundance with 
tidal amplitude, light transmissivity (turbidity), air temperature, 
and wind direction. No significant correlation was found with 
wind velocity, current velocity, time of day, moon phase, salinity, 
pH, tide duration, cloud cover, incident light level, or degree 
of illumination.
Hughes (1969) added salinity to the list of important factors 
in the recruitment mechanism. Working with post larval pink shrimp, 
he found that a salinity decrease of 2 to 3 o/oo caused them to drop 
out of the water column and essentially adopt benthonic activity. 
Experiments designed to test post larval responses at discontinuity 
barriers between waters of different salinities showed the ability 
to perceive and respond to a salinity change of 1 o/oo. Hughes 
summarizes the tidal transport mechanism in light of the experi­
mental results:
"Post larvae within the water column are readily 
displaced by currents. The rise in salinity occurring
with the flood tide causes them to be active in the water 
column and therefore to be transported inshore. Decreased 
salinity during the ebb causes them to reduce activity or 
confine it to deeper layers near the substrate, from where 
they are better able to withstand the offshore current."
It may be concluded that the recruitment mechanism is complex.
The one contribution to the overall mechanism which has been 
agreed upon by most investigators is tidal amplitude. A summary 
of the factors which may contribute to recruitment is presented 
in figure II-3.
Growth
Estimates of growth rates for brown shrimp have been chiefly 
accomplished using three techniques: (1) measurement of laboratory
reared specimens, (2) interpretation of length frequency data 
from field samples, and (3) mark-recapture techniques.
Planktonic post larvae of £. brasilliensis = (P. aztecus) +
(P. duorarum), collected and reared in the laboratory by Pearson 
(1939) showed an average growth rate of approximately 2.8 mm/week 
when held in uncrowded aquaria and 1.1 mm/week under more crowded 
conditions. St. Amant, Corkum, and Broom (1962) reported that 
post larvae brown shrimp, in laboratory experiments, survived 
well but failed to grow at temperatures below 15° C. The effects 
of temperature and salinity on growth of laboratory-held post larval 
penaeid shrimp have been extensively investigated by Zein-Eldin 
(1963), Zein-Eldin and Aldrich (1965) and Zein-Eldin and Griffith








































(1966). Temperature is the more important of the two parameters in 
affecting growth rates. Rates did not differ significantly among 
shrimp reared at salinities of 2, 5, 10, 25, and 40 o/oo. Results 
of the latter investigation suggest that gross production is 
optimal at temperatures of 22.5° to 30°C for laboratory-held 
brown shrimp. Maximum growth rate, obtained at 32.5°C was 
approximately '6 mm/week.
The growth rate as a function of temperature, according to 
Zein-Eldin and Griffith (1966) have been reproduced in figure II-4.
By examining changes in the position of the modes of length- 
frequency curves, St. Amant, Corkum, and Broom (1962) estimated 
a growth rate of 1.7 ram per day (11.9 mm/week) from the first 
appearance of juveniles, 26 to 30 mm, until they reached 125 mm 
in length. Christmas, Gunter, and Musgrave (1966) estimated 
an average growth rate of shrimp in Mississippi waters to be about 
1.5 mm per day (10.5 mm/week). Loesch (1965) estimated growth rates 
for young brown shrimp in Mobile Bay, Alabama to- be 13 to 18 mm 
per month (3 to 4.2 mm/week) in winter, 30 to 35 mm per month 
(7 to 8 mm/week) in spring and summer, with a maximum growth 
rate of 50 mm per month (11.6 mm/week) in the very young shrimp.
St. Amant, Broom, and Ford (1965), using four years of modified 
juvenile data collected in Barataria Bay, Louisiana, concluded 
that the average growth rate for the major growing period, March 
to May, was approximately 1.0 mm per day (7 mm/week). Jacob (1971) 
found the growth rate to decrease as the population density in the 
shallow marsh lakes increased. He attributes this result "...to a


















lower carrying capacity with respect to food, cover, space, etc." 
Average growth rates determined by Jacob, for two areas in Barataria 
Bay, Louisiana, were approximately 42.6 mm per month (10 mm/week) 
and 35 mm per month (8 mm/week).
Mark-recapture experiments conducted by Klima and Benigno 
(1965) in near shore waters of Mississippi indicate growth rates of 
approximately 30 mm for 4 weeks (7.3 mm/week) as the subadults are 
growing from 104 mm to 132 mm (males) and 135 mm (females).
Mortality
Zein-Eldin and Aldrich (1965) recorded the effects of temper­
ature and salinity on survival of laboratory-held brown shrimp. A 
broad zone of short term tolerance to both parameters was found. 
However, a possible synergistic effect of both low salinity and 
low temperature reduces tolerance. A general reduction in survival 
at temperatures near 35°C was exhibited regardless of salinity. 
Generally, the percent survival increased with temperature between 
15° to 20°C, remained above 90 percent at 22.5° and 25°C, but de­
creased at temperatures over 25°C.
Wiesepape and Aldrich (1970) suggest a new relationship 
between salinity and temperature tolerance: after acclimation
at 5 o/oo salinity, improved thermal resistance is considered an 
adaptation allowing the post larvae to resist high temperatures 
when they are in low salinity bays.
Using mark-recapture methods, Klima (1963) estimated fishing 
and natural mortality for one month to be 21 and 60 percent,
respectively. Loesch and Jacob (1970) estimated the natural 
mortality for brown shrimp in areas of Barataria Bay, Louisiana 
to be 49 percent/month from May 4 to September 4 and fishing 
mortality to be 59 percent/month from season opening (mid-June) 
to Augus t 5.
A summary of the possible factors affecting shrimp mortality 
is shown by figure II-5.
Emigration
Copeland (1965) concluded that high tides and rapid currents 
associated with a full moon stimulated the emigration of shrimp 
through Aransas Pass Inlet, Texas. Trent (1966) found the number 
of brown shrimp caught per minute on emigration from the Galveston 
Bay system was greatest near bottom during the day and greatest 
in surface waters at night. He showed a linear relation between 
shrimp length and time of emigration as shown in figure II-6.
His results would indicate a constant emigration rate for the 
population if the growth rate is assumed constant for shrimp in 
the range, 70 to 110 mm.
Hughes (1969) found juvenile pink shrimp to be positively 
rheotactic during "....flood tides when "normal" sea water salinities 
prevail, but when salinity decreases during ebb tides the sign of 
the rheotaxis is reversed and down stream swimming occurs. Thus in 
nature juveniles will be moving offshore during both flood and ebb 
tides swimming in a series of short ’hops' against even very strong 
flood currents....and swimming or being passively displaced with 
the ebb tide."






















Figure II-6. Relationship of brown shrimp mean-length to time of 
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King (1971) correlated emigration of juvenile brown shrimp 
positively with lunar phase (greatest movement occurlng during 
new moon periods), air temperature, wind speed, and tide duration.
A negative correlation was determined with respect to light trans­
missivity. No significant correlation was found between emigration 
and cloud cover, water temperature, wind direction, salinity, pH, 
tidal amplitude, or current velocity.
Gaidry (1971) noted that some very shallow inland areas are 
used as a nursery only until a certain size (50 to 60 mm) is 
reached, at which time, the shrimp begin to migrate to deepet, 
more saline embayments. He attributes sudden mass emigration in 
late autumn to one or a combination of cold fronts, fishing 
pressure, strong falling tides, and unavailability of sufficient 
food. Crowding has been noted by St. Amant, Broom, and Ford (1965) 
to be one of the most significant factors which may influence the 
timing of emigration.
The factors which may influence the emigration of brown 
shrimp from the estuarine "nursery" grounds are summarized in 
figure II-7.
Spatial distribution 
The areal distribution of post larval shrimp over the nursery 
ground must certainly be a function of the tidal transport mechan­
ism. Hughes (1969) suggests salinity as a major factor in causing 
the post larval to drop from the water column and adopt a benthonic 
existence. A hydrodynamic model for Barataria Bay, Louisiana being 
developed by Hacker, Pike, and Wilkins (1971) should provide a
Figure II-7. Summary of factors influencing 
shrimp emigration rates.
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simulation model for investigating the distribution of post larvae.
Gaidry (1971) lists salinity, temperature, substrate, season, 
study area, depth, nutrient level and fishing pressure as parameters 
which govern distribution of juveniles in the nursery areas. The 
change in distribution resulting from emigration has been pre­
viously discussed.
Ford and St. Amant (1971) found that brown shrimp begin to 
disperse into areas having a salinity less than 10 o/oo when water 
temperature was sustained at 20° C. Juveniles can withstand a wide 
range of salinity, a conclusion based on both laboratory and field 
data which have been previously discussed.
The number of shrimp caught per unit effort was converted to 
number of shrimp per square meter of surface water area by Jacob 
(1971). The trawl efficiency was first assumed to be 100 percent 
but more recent estimates have been 33 percent (Loesch, personal 
communication). With additional information of this type for se­
lected areas throughout Barataria Bay estimates of total production 
for the area could be better accomplished.
Length-weight relationship 
Total length is the one parameter most often recorded in 
shrimp studies. Burkenroad (1934) reported that volumetric 
measurements indicated that important changes in actual size are 
not reflected in total length. Zein-Eldin (1963) recorded total 
length and weight in laboratory experiments and concluded that 
weight was less influenced by relative measurement error since it
increases more rapidly than length.
The results of Zein-Eldin (op. cit.) for penaeid post larvae 
from approximately 10 to 32 mm, and Jacob (19 71) and McCoy (19 68) 
for Penaeus aztecus from 41 to 105 mm and 65 to 165 mm, respectively, 
were combined to obtain the length to weight relationship shown 
in figure 11-8.
Total production
The problems encountered in predicting or managing the total 
shrimp production (usually, measured by the commercial catch) 
are statistical in nature: Is the sample representative of the to­
tal population?
The present post larval sampling program in Louisiana does 
not provide a valid index to the total shrimp production, due in 
part, perhaps, to sampling inadequacies but also to other factois , 
the effects of which are incompletely defined. In attempts to relate 
commercial catch to post larval recruitment, Gaidry (1971) con­
cluded that quantitative prediction could not be made but the time 
of peak population occurrence could be estimated. Ford and 
St. Amant (1971) suggest that factors other than total recruitment 
contribute to production; time of arrival and condition of the 
environment appeared to be the two important factors associated 
with post larval survival. Christmas, Gunter, and Musgrave (1966) 
were more successful in predicting the abundance from the post 
larval catch in Mississippi. They predicted the 19 64 commercial 
catch of both white and brown shrimp within ten percent using their
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indices. In Louisiana, Che sampling of juvenile has been a better 
indicator of the commercial shrimp harvest.
In developing a model for shrimp production, a 'missing link' 
has been the conversion from a relative scale such as catch per 
unit effort to an absolute scale such as total number per unit area. 
The efficiency of the collection method is most often an unknown 
factor; although, the mark-recapture method is finding popular use, 
in this regard.
In summary, the major features of the shrimp life cycle have 
long been known. This review of the shrimp literature has focused 
upon the present knowledge of the population parameters and, more 
specifically, upon those factors which are known or thought to 
affect the dynamics of recruitment (figure II-3), growth, mortality 
(figure II-5), and emigration (figure II-7). The complexity of 
each of the parameters has been stressed in this chapter. The 
models developed in the following chapter are somewhat restricted, 
however, with emphasis placed on those factors suspected to be 
most important in controlling that parameter. As quantitative 
measure of the factors become available, the mathematical represen­
tation may be extended into more complex models.
One source of information which has not been exhaustively 
searched is the shrimp mariculture program. Quantitative data are 
being added to the literature for the growth rates of shrimp in 
mariculture experiments. Information obtained in such a semi­
laboratory, semi-natural system should be useful in future modeling 
attempts.
CHAPTER III
DEVELOPMENT OF MATHEMATICAL MODELS
The concept of population balances has been developed in 
the literature for studying size distributions of industrial 
microbial cultures, crystallization and catalytic processes 
(Fredrickson and Tsuchiya, 1963; Randolph and Larsen, 1962;
Behnken, Horowitz, and Katz, 1963). Randolph (1964) derived a 
general form which is here applied to the analysis of size dis­
tributions for brown shrimp during the Louisiana inshore season.
General population balance 
Complete development of the population balance, presented 
in Appendix A, yields the general equation
J i U J  3   ̂ . M rv■5T + IjK'1') + + <’'i« + D-B=0
where ¥ is the number distribution as a function of time, space,
and other properties; vx , vy , and v z are the components of species
velocity; v.̂  = ^Pi is the rate of change (velocity of property 
dt
p^; and B and D represent birth and death distributions respectively,
which are functions of the same independent variables as
For shrimp, the most convenient size-distribution property to 
measure is length. In the case of such a single property model
where L = total length and V j = —  = length growth rate. Withnf*
this assumption, the general population balance becomes
+ JL (vJO + JL ( v o  + i_ (v_¥) +'i_ (vtY) +  d-b = o3t 3x x 3y Y 3z 3L L (2)
with ¥ = Y(x,y, z, t,L)
B = B(x,y,z,t,L) 
and D = D(x,y,z,t,L)
While length is the most convenient property to measure, weight 
is a more fundamental parameter since it allows the calculation 
of shrimp biomass. However, with a simple length to weight 
relationship, the conversion from one distribution to another is 
easily accomplished. Age has been used as a characteristic
parameter in a population model of Daphnia pulex by Sinko and
Streifer (1967 and 1969) but offers no advantages to the present 
study.
Note that the shrimp size-distribution model in equation 
(2) is coupled to the physical environmental parameters in the 
ecosystem. For example, the water currents will affect the 
shrimp species velocities (vx , v^, and vz), and in the case of 
planktonic transport of the post larvae, the species velocity 
and water velocity will be identical. Another coupling will 
be through the effect of environmental parameters such as salinity 
and temperature on the growth, birth and death rate functions. 
Hence, the general population model is coupled with models for 
momentum, heat, and mass transfer in the estuary (Hacker et 
al., 1970)
'Well-mixed tank' model 
The single parameter model proposed by equation (2) may be 
further reduced when applied to a shallow bay such as the 
Barataria Bay system of Louisiana. The variation of Y with respect 
to the vertical coordinate, z = depth, can be neglected. In 
addition, shrimp birth in a biological sense is zero since only 
the inshore population is being considered. Birth in the sense 
of recruitment is accounted for in a continuous model such as 
this by the boundary and/or initial conditions; i.e. the values 
of the species velocities, the distribution function, or values
of the appropriate derivatives. With these assumptions, equation
(2) becomes
^! +  L ( v  ’F ) + L ( v f ) + L ( v Tf) +  D=0 (3)
3t 3x * 3y y 3L
where the x and y coordinates represent a plane which is perpen­
dicular to the depth of the bay. Considering the special case 
of planktonic transport where the fluid velocity is equal to 
the species velocity, equation (3) reduces- to
0 1  + v j l  + v j l  + JL(vl'F) + D=0 (4)3t ^  yjy 3L L
since 3£y = 0 for an incompressible fluid.
The difficulty in obtaining a solution to the population 
balance forms presented in equations (1), (2), (3), and (4) is 
generally reduced as a function of the number of independent 
variables. If a small marsh lake connected to the main bay by
a narrow opening is considered, the variation of ¥ with respect 
to x and y can be neglected; thus, only two independent variables, 
time and length, remain to be considered. This 'well-mixed tank' 
model represents a lumped-parameter approach and requires modifi­
cation of the boundary conditions for equation (3). To account 
for recruitment a birth term is reintroduced which here represents
the instantaneous addition of species to the 'well-mixed tank'
rather than true biological birth. These assumptions result in
+ ! _  (v. V) + D - B=0 (5)3t 3L L
where, for example,
VL “ VL (T>S *L)
T = average temperature in lake
S = average salinity in lake
L = length of shrimp 
but since T and S are functions of time, v^ = v^(t,L).
Of the models proposed by equations (1) through (5), the 
'well-mixed tank' model, equation (5), is the simplest to solve 
while giving a realistic representation of the problem; hence, it
has been selected as the starting point for the analysis. The
required initial and boundary conditions and functional forms 
of the growth, recruitment and mortality rates are presented in 
the following section.
Models of biological parameters 
The initial conditions and functional forms of the recruit-
*■
ment, growth and mortality parameters are dictated by the available 
field and laboratory data (viz. Chapter II). An iterative approach 
was taken in the development. Preliminary functions were proposed 
and the calculated results tested against field-observed length- 
frequency distributions. Where necessary, improved or alternate 
proposals were made and the calculated results again tested until 
a realistic fit was achieved.
Initial and boundary conditions
The initial condition represents the starting point for the 
calculation and takes the form of a length distribution obtained 
by field measurements or by some other representative model.
In symbolic notation, it may be written Y = @ t <_ 0 and
since the selection of t = 0 is arbitrary, the initial distribution 
is essentially zero if measured at some time prior to post larvae 
recruitment. The recruitment term then accounts for the build up 
of the distribution for t > 0.
Two distinct approaches are necessary in treating the initial 
distribution due to the inadequacies of the field data in relating 
the post larvae recruitment at the passes to the juvenile population 
within the estuary. In one approach, the first pulse of post larval 
shrimp recruited to the estuary is represented by a known frequency 
distribution; e.g. the normal, skewed normal, or log-normal 
distribution. This initial condition is then used in conjunction 
with a tidally controlled sinusoidal recruitment mechanism to 
predict the length distribution of juvenile shrimp. Although
this approach appears realistic in principle, it is plagued by 
insufficient data on post larvae mortality immediately following 
recruitment. The second approach is applicable to a field- 
measured distribution of juvenile shrimp such as is used by the 
Louisiana Wild Life and Fisheries Commission to project mean 
shrimp length for setting the season opening date. The initial 
distribution is obtained by curve-fitting the field data for 
juvenile shrimp shortly after recruitment. Polynomial and non­
linear least squares fits have been used with the latter providing 
the better results.
Functional forms of the normal, skewed-normal, and log­
normal frequency distributions and a detailed discussion of 
the non-linear curve fit model are presented in Appendix B. 
Implementation of these models is discussed in Chapter IV.
The boundary condition for equation (5) is the distribution 
of shrimp at length zero which is at all times equal to zero, 
i.e., V = 0 @ L = 0. An upper boundary condition, implied by 
field data, may be denoted by ¥ = 0 @ L - Ljjjax where L ^  is 
the maximum length which the species is expected to attain during 
the estuarine portion of its life cycle. This 'artificial* 
boundary condition is not necessary for the particular solution 
technique used in this study.
Recruitment
The recruitment function describes the migration of shrimp 
into the discrete area. For larval or post larval stages this
function may be strongly, if not entirely, affected by water cur­
rents, environmental conditions, and/or durnal rhythms. For the
'well-mixed tank' model, the recruitment was limited to describing 
the influx of post larval shrimp. No recruitment of larger shrimp 
was considered.
As the field data strongly imply a tidally-influenced 
function peaking every two weeks, the periodic forcing function
f/-t\ _ rO for n<t<n + 1  n = 0,2,4, -
-Agin^t) for n<t<n + 1 n = 1,3,5,...
was used with the initial distribution,'!' = 'Fo(L), resulting in 
the function
B(L, t) = YoCDfCt) (7)
where t is in weeks and L in millimeters. The number of recruit­
ment pulses is determined by specifying a maximum number of weeks, 
n.
The constant chosen for A was based on generating the 
initial distribution as renormalized by each recruitment pulse. 
Therefore to select A set 
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/ f(t)dt = 1 (9)
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Substituting for f(t) from equation (6) and integrating over the 
specified limits gives A = —~
The recruitment function for three pulses is shown in figure III-l.
The rationale for the tidally controlled recruitment mechanism 
is further supported by the work of Collier and Hedgpeth (1950) 
describing the hydrography of the tidal waters of Texas. They 
concluded that the flats and marshes available to young marine 
animals, both as to area and time, are determined altogether by 
the nature of the tides. The two-week periodicity of the 
recruitment model proposed in equation (6) corresponds to the 
’tropical tides', when the moon reaches its maximum north or 
south declination, as discussed in their study.
Growth rate
A preliminary growth function was selected based on laboratory 
data (Zein-Eldin and Aldrich, 1965, and Zein-Eldin and Griffith, 
1966). These researchers found that temperature had a profound 
effect on the growth rate of post larval brown shrimp but that 
salinity variations over a range of 2 to 40 percent had little 
effect on either survival or growth provided that the temperatures 
were within a favorable range (about 15 to 30°C). Field measured 
temperatures for a small marsh lake in Barataria Bay were found 
for several years to be within this range from late March through 
mid-October, a period which corresponds to the estuarine phase 
of the brown shrimp life cycle (figure III-2). The time variation 
of temperature is roughly approximated by the solid line which 
expressed mathematically is
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Figure III-2. Temperature variation during estuarine 
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' 0.833 t + 20°C 0<t<12 weeks
T - •< 30°C 12<t<22 weeks (10)
- 0.8633 t + A9.433°C 22<t<28 weeks
Hence, the preliminary model for the growth function was assumed 
to be linear in form and a function only of temperature, i.e.
VL = 0.5T - 5.75 15<T<30°C (11)
The results from this model were useful in describing the 
superimposing of consecutive recruitment pulses when the growth 
rate is reduced by lower temperatures. However, field-estimated 
growth rates based on following measured length-distributions of 
brown shrimp are somewhat higher than those calculated with this 
preliminary model (Williams, 1955, and Loesch, 1965).
A model which provides comparable results with field-estimated 
growth rates is the von Bertalanffy equation. The physiological 
concepts and mathematical derivation are presented in Appendix C. 
The equation for length at any time, t, is
= Loo - (Loo - Lo)e"K t (12)
where Loo = maximum length that the organism can attain
Lo = length at an arbitrary initial time in season, 
t = o
k = constant proportional to the catabolic rate 
The growth rate at any time, t, in terms of the von Bertalanffy 
growth constants is
VT » d U / =» K(Loo - Lo)e"Kt <13>L dt
It should be noted that is a function of shrimp length only
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through the constant LQ which takes on different values depending 
on the selected initial time of applicability.
It is proposed that the brown shrimp growth model should 
consist of two distinct phases separated by the critical sustained 
water temperature of 20°C. Ford and St. Amant (1971) recognized the 
importance of this particular temperature to growth rate 
(figure III-3). Loesch (1957) noted that shrimp growth ceased 
as the water temperature dropped below 23°C in late October.
Prior to the water being warmed to 20°C, small shrimp within 
the estuary show nearly zero growth. It is during this phase 
that the temperature dependent growth model of equation (11) is. 
assumed applicable. After the temperature exceeds 20°C (68°F), 
rapid weekly increases in length generally occur. It is assumed 
that the von Bertalanffy growth form, equation (13), is applicable 
to this growth pattern, which continues from the time when 
T = 20°C through the remainder of the life cycle.
Mortality
The death function, D, in equation (5) accounts for all 
processes which act to remove individuals from the population.
Three processes are of particular interest in this study: 
natural mortality, fishing mortality, and emigration. Emigration, 
being somewhat more complicated than the mortality processes, 
will be treated separately in the following section.
It should first be noted that the population balance allows 
complete generality in specifying the natural and fishing mortalities.





































Both components may vary with length and time or with other 
parameters which are a function of time such as temperature, 
salinity, food availability, and fishing pressure.
A model commonly used in studies of fishery yield (Beverton 
and Holt, 1957, and Ricker, 1958) is the first order decay.
In this model, the population is assumed to be at dynamic equi­
librium with similar recruitment each season and mortalities 
constant with time. The decrease in numbers is then proportional 
to the number present
and the number, N fc, surviving to a given time, t, is obtained by 
integrating
if the time of recruitment, tQ , is arbitrarily set to zero.
Nq represents the initial number of recruited shrimp and Z is
are assumed independent and may be written as the sum where
(14)








the instantaneous rate of total mortality. The two components
Z  = M + F (17)
M = instantaneous rate of natural mortality
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and
F = instantaneous rate of fishing mortality 
Equations (14) and (16) may then be combined to relate the 
mortality rate to the initial number of recruited shrimp, i.e.
- A  = -ZN0 e-Z t (18)
Although the first order decay model is perhaps an over­
simplification, most field studies on shrimp have used it as 
the basis for mortality estimates. Klima (1963) reported monthly 
natural and fishing mortalities of 60 percent and 20 percent, 
respectively, for brown shrimp in the northern Gulf of Mexico.
These estimates were obtained with mark-recapture experiments 
in the near-offshore waters of Louisiana.
Length-frequency distributions and catch per unit effort 
data have been used by Loesch and co-workers (1970, personal 
communication) to estimate the dynamics of the 1970 Barataria 
Bay brown shrimp population. The two-week natural mortality of 
24.6 percent (43.1 percent per month) was determined for the 
period May 4 - September 4. During the inshore shrimping season, 
June 19 - August 5, the two-week fishing mortality was 29.8 percent 
(50.5 percent per month). The corresponding weekly instantaneous 
mortality rates are
M = 0.141 / week
and
F = 0.176 / week 
or 7. = 0.317 / week.
The validity of the simple model is intuitively questionable. 
However, more sophisticated time dependent models would probably 
require extensive field testing without providing proportional 
insight into the problem.
The laboratory experiments of Zein-Eldin and co-workers have 
provided additional information on natural mortality rates in 
the very small shrimp. Their data for survival rate as a function 
of temperature has been fitted by the method of least-squares 
to the fifth-order polynomial
S = £ a.T* 
i=o
(18)
where S = weekly survival rate 
T = water temperature (°C) 
and the coefficient vector is 
' 60.994135 
-13.572398




The corresponding weekly mortality rates for water temperatures 
expected during the inshore season are shown in figure'ITI-4.
The experimental results can not be directly applied to 
larger shrimp. However, the experimentally measured mortalities 
are comparable to the field estimates at temperatures which might
Figure III-4. Weekly mortality rates as a
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represent seasonal averages. It Is therefore assumed that the 
experimental results as represented by equation (18) provide a 
more realistic model for natural mortality. The model does not 
explicitly express natural mortality as a function of length; 
however, the post larvae and early juveniles would be subjected 
to high mortality due to the lower temperatures early in the 
season. Larger juveniles would likewise be subjected to high 
mortality due to extremely high temperature in late summer.
Fishing mortality is the most important parameter from 
the viewpoint of conservation and management of the shrimp resource. 
Pertinent questions about the fishing strategy include:
What is the best combination of season opening and closing 
dates?
Should fishing be prohibited in areas which serve primarily 
as nursery grounds for the very small shrimp?
Should capture gear be made more length-specific?
What is the maximum sustainable yield?
What strategy will provide the maximum market value?
Data on gear selectivity, time and spatial variation in 
fishing effort, length-frequency of the catch, and other similar 
catch statistics are needed to answer these questions. However, 
the only available information for the Barataria Bay commercial 
shrimp fishery is the estimated annual landings. Hence, the 
approach taken in this study is to test the models derived from 
laboratory experiments and field estimates with shrimp length- 
frequency data collected in Airplane Lake by Jacob (1971).
Hypothetical fishing strategies can then be investigated by varying 
the coefficients of fishing mortality but testing these results 
would require more extensive information from the commercial fishery 
(See recommendation in Chapter V).
Emigration
Emigration acts as a simple mortality as shrimp leave 
the population of interest. If the population being considered 
is the total Barataria Bay inshore shrimp, then emigration acts 
as mortality to the inshore population but represents 'birth' 
(recruitment) to the offshore Gulf=stock. Similarly, on the smaller 
scale, shrimp emigration from a small marsh lake within the Bay 
system acts as mortality to that segment of the population but 
must be represented as 'birth' to other areas of the bay.
The simplest model for emigration would be to relate increasing 
size of shrimp (which can be obtained as a function of time with 
the growth model) to movement into deeper, more saline embayments. 
Post larval shrimp apparently remain in a given area from planktonic 
recruitment until they achieve the length of 50 to 60 mm. At this 
length range, the juveniles commence a constant migration into deep­
er water (Gaidry, 1971).
Emigration from Airplane Lake, one of the shallow lakes 
selected for intense study in the Sea Grant program, was at the 
estimated constant rate of 29.8 percent for each two-week 
period from June 19 to August 5, 1970 (Loesch, personal commun­
ication) . This migration is at the instantaneous rate of
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0.177/week or a monthly loss of 35.4 percent.
The constancy of emigration is supported by the results of 
Trent (1966) for brown shrimp in the Galveston Bay system of 
Texas. Since shrimp growth rate is nearly constant between 
the lengths of 60 mm and 110 mm, irregular emigration would 
have appeared as wide variance from the linear relationship 
which Trent observed (c.f. figure II-6). Loesch found that the 
emigration rate abruptly increased to 55.9 percent for each 
two-week period from August 5 to September 4, 1970. The correspond­
ing instantaneous rate for that period is 0.41 per week or the 
monthly loss due to emigration is 82 percent. As noted by 
Gaidry (1971), this sudden mass emigration in late autumn may be 
related to one or a combination of factors such as cold fronts, 
fishing pressures, strong falling tides, and unavailability of 
sufficient food. Since the inshore brown shrimp season is com­
pleted by August 1, the complicated mass movements after that 
date are only of academic interest and need not be considered in 
an analysis of the inshore brown shrimp fishery. The mechanisms 
of emigration do become important if one is analyzing the complete 
shrimp life cycle, including the offshore fishery.
With the preceding considerations, it is concluded that 
emigration during the inshore season can be represented in the 
first order decay model for mortality, i.e., emigration acts 
as an additional Independent mortality. Thus, the total 
instantaneous rate of mortality consists of three components:
ZT = M + F + E (20)
here E is the instantaneous rate of emigration - 0.177 per week as 
estimated during inshore season by Loesch (op. cit.). The rate 
is restricted in the model to shrimp > 50 mm in length.
Spatial distribution
The two basic factors governing spatial distribution of shrimp 
within the Barataria Bay system are planktonic transport of post 
larvae and migration of juveniles. The former may be characterized 
as a passive transport mechanism whereas the latter factor is an ac­
tive one. The relative importance of the factors to the success of 
the annual fishery should be considered on the basis of the charac­
terization.
Results of laboratory experiments have shown the dependence of 
post larvae growth and survival rates upon temperature and salinity. 
(Zein-Eldin and Aldrich, 1965). Possible synergistic effects of 
combined low temperature and low salinity were also noted in the 
laboratory studies. Hence, the ultimate success of the post larvae 
depends on proper timing of the passive transport into the estuary 
when the environmental conditions are suitable for their survival. 
Ford and St. Amant (1971) have recognized the importance of coinci­
dental recruitment and availability of nursery areas with salinities 
greater than 10 o/oo. Sampling at the passes to the Gulf of 
Mexico only gives one point of reference in time and space. The 
magnitude of the post larval recruitment obtained by this technique 
may not indicate the magnitude of the subsequent commercial 
landings if the population is recruited to an unsuitable habitat
within the estuary.
It would be advantageous to design a program of sampling to 
determine the spatial distribution of post larvae in relation to the 
habitat suitability; however, such a program would require extensive 
economic resources. An alternate approach is the extension of the 
mathematical models developed in the present analysis to include 
information from the complimentary models for energy, mass, and 
momentum transfer in Barataria Bay (Hacker et. al., 1971). The 
model represented by equation (5) is applicable to a spatial area 
where the environmental conditions are assumed uniform and movement 
of shrimp into or out of the area is instantaneous. Models for 
the biological parameters were specifically tested against field 
data collected in Airplane Lake, an area which sufficiently satis­
fies the conditional requirements. In general, the models may be 
applied to several discrete areas and then the results summed to 
represent the entire bay system. The models for energy, mass, and 
momentum transfer may be used to predict the temperature, salinity, 
and initial post larvae distribution for the discrete areas. The 
population balance model can then be used to analyze the dynamics of 
active migration between the areas. Further discussion of the 
possibilities of extending this analysis is given in Chapter V.
Fisheries yield model
The generality of the proposed model can be illustrated by 
comparison to fisheries yield models reported in the literature 
(see the summaries by Cole, 1957, and Gulland, 1971). Two of 
the most widely used models are those of Schaefer (1954) and
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Beverton and Holt (1957). Both represent the dynamics of exploited 
fish populations but from different viewpoints. Schaefer treats 
the population as a single unit, subject to elementary laws of 
population growth, with the exploitation acting as a simple predator.
The models of Beverton and Holt (op. cit.) treat the population 
as the sum of its individuals. The abundance, expressed in num­
bers or weight, is a function of recruitment, growth, and mortality 
with the exploitation by the fishery acting as an additional mortal­
ity. This model has been used in conjunction with mark-recapture 
experiments to assess the utilization of a stock of pink shrimp 
(Kutkuhn, 1963).
Gulland (op. cit.) contrasts the two models on the basis 
of applicability at different stages of research. The Schaefer 
model requires few data to give a fairly realistic description 
of the exploited fish population but gives limited insight into 
the factors controlling it. The Beverton and Holt model becomes 
applicable later in a research project as more data become avail­
able for describing the parameters of recruitment, growth, and 
mortality.
Gulland criticized the simpler forms of the Beverton and 
Holt model, in which the parameters are assumed constants, as being 
less realistic than the former model. This criticism is particularly 
justified in the present application since these parameters are not 
only variable with respect to time but also with respect to shrimp 
length. Application of the yield model to the inshore brown shrimp 
fishery was further investigated but provided no significant advan-
tages over the population balance model. However, a student of popu­
lation dynamics should be familiar with its classical approach and, 
for this reason, development of the simpler Beverton and Holt yield 
model is included for reference in Appendix D. A computer programmed 
solution and typical results are also provided.
CHAPTER IV
ANALYSIS OF MATHEMATICAL MODELS
Solution technique
The solution to the shrimp distribution model, equation (5), 
is obtained using a numerical scheme. The basis of this technique 
is to replace the derivatives with finite difference approximations, 
thus, converting the partial differential equation to a system of 
algebraic equations.
The independent variables, t and L, describe a coordinate 
plane upon which a continuous domain of Y is represented by the 
equation and its boundary conditions. The exact solution of the 
equation involves the determination of all values for Y in the do­
main. The numerical solution is an approximation to the exact 
solution in that the values of Y are found only at discrete points 
in the domain.
In figure IV-1, a At - AL grid of points has been superimposed 
on the t - L plane with the discrete points indexed such that 
L^ = i • AL and L^ = j *At. The value of Y at any grid point with 
this notation is then Yi,j = Y(i*AL, j*At). The finer the At - AL 
grid network the more accurate is the approximation and, also, the 
larger is the system of equations to be solved. With the aid of a 
digital computer, the solution for a highly refined grid with its 
large system of equations can generally be obtained.
The first order partial derivatives can be approximated 
in many ways (Ames, 1969); a typical set of finite differences
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where the symbol [0] represents the asymptotic notation for the 
truncation error as determined from the Taylor series expansion. 
The truncation error can usually be reduced by proper selection 
of the finite different approximation.
A second error is introduced in solving the finite difference 
(algebraic) equations. This error, called round-off error, is 
the result of carrying only a specified number of significant 
figures in the solution and generally increases as the grid 
network is refined. Since the opposite is true for truncation 
error, a trade-off may be required in selecting the mesh size 
for optimal accuracy. For the present application, an adequate 
grid size was found to be 
AL = 0.25 millimeters 
At = 0.025 weeks
The mathematical questions of stability and convergence 
further complicate the use of finite difference techniques. Any 
numerical scheme used must be stable (the approximation error must 
not grow in an unbounded manner) and convergent (in the limit as
as At and AL approach zero, the finite difference equations must 
be equivalent to the partial differential equation).
Several numerical schemes were investigated in the present 
study, two of which are presented in Appendix E. The first is 
an implicit scheme; i.e. each equation relates an unknown value 
of ! at a discrete point to the unknown values of Y at other 
points on the grid and the system of equations is then solved 
simultaneously for all the unknowns. The second scheme is explicit 
in that each equation relates an unknown value to several known 
values of y, starting with those specified at the boundary and 
initial conditions, thus allowing direct (explicit) determination 
of the unknown.
The implicit scheme is less restrictive than the explicit 
in terras of requirements for stability and convergence, but the 
explicit scheme is algebraically simpler and requires less 
computer time for a solution. Based upon a trade-off study of 
these characteristics, the explicit scheme was judged more 
desirable for use in the present study.
Computer program 
The explicit numerical scheme was programmed for solution 
on an IBM 360/65 digital computer. A detailed flow chart and 
listing of the program are included in Appendix F.
A generalized flow chart is given in figure IV-2 to highlight 
two salient features of the program. First, the use of sub­
routines for the initial distributions and population parameters
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provides the flexibility needed for simulating various combinations 
of these factors. If subsequent field or laboratory data suggest 
alternative models for the biological parameters, the current 
subroutine is readily replaced by the alternate model with little 
or no change to the main program.
Secondly, the program allows optimal use of the Calcomp 563 
incremental plotter. These computer plots provide a convenient 
means of comparing the theoretical results with the observed 
field data, as illustrated in figure IV-3.
The analysis of the mathematical models can best be discussed 
by separation into component studies of recruitment, growth, and 
mortality. The models for these functions as presented in 
Chapter III evolved through an iterative comparison of observed 
data with the computer results. Preliminary results in many cases 
dictated alternate models or suggested additional data needed to 
facilitate future modeling efforts. Hence, the approach taken in 
the following discussion is to present the results in a gradation 
from the simpler to the more complex model formulation. Recommen­
dations for future data aquisition and modeling efforts are included 
where appropriate and further extended in Chapter V.
Recruitment study
Spawning has been shown to be a nearly continuous process 
occuring year round in the Gulf of Mexico (Renfro, 1965) . The 
recruitment of post larval shrimp through the passes, if simply 
assumed to be continuous, would produce a number distribution
Figure IV-3. Sample CALCOMP plot of calculated 
result and observed field data.
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similar to that shown in figure IV-4. The concept of continuous 
recruitment must be qualified in this finite difference approxi­
mation because in the strict sense discrete pulses of recruitment 
are being added during the incremental periods of time, At = 0.025 
weeks. However, since other population parameters, e.g. growth 
and mortality rates, are slowly varying or nearly constant over 
time periods of a week or more, the recruitment process is 
'continuous' in comparison with these rates.
Additional features of the preliminary results should be 
noted. First, the number distribution as given in figure IV-4 
should not be confused with a frequency distribution. The initial 
input at time = 0 is a normal distribution with mean y = 27.5 mm 
and variance cr̂  = 2.8. With AL = 0.25 mm, the area under the curve 
is unity (or 100 on a percent basis). At each increment of 
time, At = 0.025 weeks, additional shrimp are being recruited 
and some fraction are being removed by natural mortality.
The recruitment rate is much larger than the mortality rate 
during this portion of the season so that there is a net increase 
in numbers of shrimp. If the developing distribution is expressed 
by numbers, the area under the curve increases at each successive 
point in time (as shown up to the eighth week of recruitment).
Using a numerical integration technique, the area may be determined 
and used to renormalize the results, thus producing a frequency 
distribution which by definition has unit area. The use of 
frequency distributions versus number distributions provides
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generalization to the analysis which is discussed in conjunction 
with subsequent results.
A second feature of the model which is well illustrated in 
figure IV-4 is coupling of the biological parameters. The shift 
in the frequency in these preliminary results is dependent solely 
upon the growth rate since each additional recruitment pulse 
is centered at the mean length of 27.5 mm. During the first week 
following initial recruitment, the growth rate is small due to 
lower temperature early in the season and there is consequent 
overlapping of the pulses. As the growth rate increases with 
higher temperatures during successive weeks, there is more spreading 
of the distribution but the peak due to overlapping early in the 
season still persists through the eighth week. Coupling of these 
and other parameters will be treated in more detail throughout 
the discussion.
The inadequacy of the 'continuous' recruitment model is 
readily shown by the multimodal distributions noted in field 
measurements during the early inland season.
Field data collected in 1969 by the LWFC in Barataria Bay 
are shown in figure IV-5. Field data, which were collected by 
Loesch and Jacob during the early 1970 shrimp year, are given in 
figure IV-6. These data represent the sampling of a small estuarine 
lake which is situated in the Barataria Bay system. Both studies 
show periodical input of shrimp with three or four major modes 
which are usually identifiable up to the opening of the inland 
season in June.
Figure IV-5. Louisiana Wild Life and Fisheries Commission length-
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Figure IV-6. LSU Sea Grant length-frequency
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The tidal mechanism has long been recognized as the most 
important factor in distributing coastal and estuarine species in 
terms of both time and space (Collier and Hedgpeth, 1950). If 
recruitment of post larvae from spawning grounds in the Gulf of 
Mexico to the inland bays is assumed due solely to planktonic 
transport, then minimally three peaks could be explained on the 
basis of tidal cycles: (1) diurnal (or semi-diurnal), (2) spring-
near, and (3) tropical-equatorial. Daily tides along the Louisiana 
coast are of a mixed type. At maximum range associated with 
"spring tides" (at new and full moon) and "tropical tides" (as 
the moon reaches its maximum declination, north and south) there 
is one tidal cycle per day. During "neap tides" (at quarter 
moons) and "equatorial tides" (as moon passes the equator), there is 
a tendency toward two tides per day, hut with minimum range and 
weak tidal currents. Collier and Hedgpeth concluded that the 
cycle of tropical and equatorial tides was probably most important 
from an ecological point of view since these variations bring 
about the largest exchange of water between the estuarine bays 
and Gulf.
The periodicity of tropical tides is approximately two 
weeks (13 2/3 days) which corresponds closely with the time 
frequency of recruitment pulses as observed in field data.
Hence, the sinusoidal model represented by equations (6) and 
(7) was proposed as an improvement over the 'continuous' recruit­
ment model.
Results for the sinusoidal model assuming normal (Gaussian) 
initial distributions are presented in figures IV-7 through IV-12. 
The effect produced by variation in amplitude of the recruitment 
pulse, the value of A in equation (6), is shown in figures IV-7 
and IV-8 with A = 1.0 and A = 2.0, respectively. The latter 
results are more typical of field measurements (figure IV-6) 
but gross differences in the distributions persist, particularly 
in the degree of spread (variance) and rate of shift (growth) 
in the leading edge of the distribution.
Additional parametric studies were conducted to further 
resolve the differences between theoretical results and observed 
data. Holding the amplitude constant at A = 2.0, the affect of 
changes in the variance, (spread) was investigated. Representative 
results with variances of 3.8 and 4.8 are shown in figures IV-9 
and IV-10, respectively. Since the magnitude of the peak is also 
controlled by the variance, an increase in that parameter results 
in a depression of the peak (compare the initial distributions 
in figures IV-8 through IV-10) .
The number distributions must be converted to frequency 
distributions to allow proper comparison with the field data.
The conversion is accomplished by obtaining the total area under 
the curve at each solution step using a numerical integration 
technique (Appendix E). The frequencies are then found by dividing 
each elemental area (Number xAL) of the number distribution by 
the total area; thus, the area under the frequency distribution 
will at nil times be equal to unity or 100 on a percent basis.
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Figure IV-7. Recruitment study with
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Figure IV-8. Recruitment study with sinsusoidal 
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Figure IV-10.f Recruitment study - variance of 
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The results in figure IV-10 have been converted to percent 
frequency distributions (figure IV-11) for comparison with the 
field data previously noted in figure IV-6. Differences between 
the magnitudes of the peaks have been explained through a possible 
coupling of growth and recruitment rates. When growth is minimal 
at low temperatures early in the season, two or more recruitment 
pulses may be superimposed as shown in figure IV-12. In the 
example, a sharp recruitment peak is supposed to have occured 
two weeks prior to beginning the sampling program. During the 
two weeks, the average water temperature remains below 20°C; growth 
is suppressed but a slight shift in the distribution does occur.
A second pulse with the exact characteristics as the initial 
distribution is added at a time nearly coincident with the first 
field collection. The combined pulses, at time = 0 weeks, produce 
a distribution comparable to that measured in the field sample; 
however, distributions obtained for subsequent weeks, like those 
in the previously illustrated cases, differ from the observed data 
due to inadequate models for growth and mortality rates.
The post larva data collected by the Louisiana Wild Life and 
Fisheries Commission at the passes have not been reliable as an 
index to subsequent commercial production within the bays. Ford 
and St. Amant (1971) concluded that "factors other than total 
recruitment must contribute to production." However, Caillouet 
(1966) showed 'that the number of post larvae in a sample is 
directly related to the tidal stage' (figure IV-13). He concluded 
'....that future collections from this location (Vermillion Bay,
Figure IV-11. Recruitment study - results of figure IV-10 converted 
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Figure IV-12. Recruitment study - superpositioning of 
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Louisiana) should be made at the same stage of the tide each week 
if they are to reflect the abundance of post larvae.’ Since the 
Commission’s sampling program is not based upon tidal stage, 
it is believed to be inadequate in assessing the magnitude and 
dynamics of the post larval recruitment. The available data for 
the early juvenile shrimp are believed, however, to be a valid 
representation of the population dynamics following recruitment; 
hence, these data were used to obtain the initial distribution and 
to test the theoretical models for growth, mortality, and emigration.
The method of least squares curve fitting was used to convert 
the field data to a usuable functional form. Both polynomial and 
non-linear least squares models were tested with the latter 
providing better fitting of the data. A detailed discussion of 
the non-linear technique is given in Appendix B where the data 
are modeled to the sum of two skewed normal distributions. The 
curve fit obtained by this method is used exclusively in the 
subsequent studies. In general, data acquired for different years 
or geographical locations will require individual treatment with 
better fits obtained by using other non-linear models, e.g. sums 
of normal or log-normal distributions.
In figure IV-14, the initial condition (at t = 0 weeks) was 
obtained by fitting Sea Grant data collected in Airplane Lake on 
April 11, 1970. Recruitment was assumed to be essentially completed 
at that time so that the bimodal distribution shifts as a unit due 
to growth. It is obvious from the observed data that pulses of 
recruitment are actually being added to the population through the
Figure IV-14. Recruitment and growth rate study - illustrating need 
for additional pulses of recruitment and decrease 
in growth rate.
o b s e r v e d  Oa t*  o—
C A L C U L A T E D  RESULTS _ _ _ £ _UJ . TOTAL 5HRIMF= I
a\u TIME=0 MEEKS
DO 10. oo 20.00 90.00 90.00 80.00LENGTH IN MILLIMETERS70.00 80.00 100 .00 110.00
TOTAL SHRIHP= I
— c_UJ TIME=2 MEEKS
DO 10.00 20.00 90.00 50.00 80.00 ___LENGTH IN MILLIMETERS70.00 80.00 80.00 10D.00 110.00
TOTAL 3HRIHP= i
e c. TIME=U MEEKSk.
DO <40.0010.00 90.00 90.00 80.00 ___LENGTH IN MILLIMETERS70.00 80.00 80.00 100 .00 110.00 120.00e
; j-
I &llJ .. TOTAL SHRIMP
UJ TIME=6 MEEKS
— c-















80.0000 10.00 40.0020.00 30.00 59.00 60.00 70.00LENGTH IN HJLLIHETERS 60.00 100.00 110.00
121
second and fourth weeks with the affect of these additional pulses 
being to shift the distribution toward smaller-sized shrimp. Simi­
lar shifts resulting from migration and fishing mortality might also 
be expected by the second and sixth weeks, respectively. By the 
second week, a portion of the population has attained the length 
range of 50 to 60 mm at which size movement of juveniles into 
deeper water reportedly commences (Gaidry, 1971). Selective 
fishing of larger shrimp, which in 1970 began with the season 
opening date between weeks four and six, would also affect a 
shift. However, the shift due to fishing pressure is probably 
insignificant in comparison to that due to recruitment and 
emigration since the particular sampling area is not subjected 
to commercial exploitation (Jacob, 1971). Added discussion of 
these coupling affects is given in subsequent results from growth, 
mortality, and emigration studies.
More comparable results were obtained with the additon of 
recruitment pulses as suggested by the observed field data. In 
figure IV-15, it should be noted that over compensation of the 
shift in distribution results by assuming that recruitment con­
tinues at an increasing rate through the sixth week. Further 
adjustment of the theoretical recruitment rate and pulse frequency 
resulted in an acceptable comparison with the observed field 
data as shown in figure IV-16. In this example, pulses of equal 
magnitude are added at the second and fourth weeks only. Although 
slight discrepances still persist, it has been concluded that the 
theoretical model sufficiently describes the actual recruitment
Figure IV-15. Recruitment and growth rate study - pulses of
recruitment overcompensating distributional shift.
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Figure IV-16. Recruitment and growth rate study - acceptable 
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A preliminary model for growth rate as a function only of 
temperature was proposed and tested against field data as part of 
the recruitment study. The inadequacy of the model has been 
shown in figures IV-7 through IV-12 where the shift in the distri­
bution due to growth is much less than that observed in the field 
(figures IV-5 and IV-6). Zein-Eldin and Aldrich (1965), whose 
experimental data were used in the preliminary model, noted that 
growth of the laboratory-held brown shrimp only approached that 
of slightly larger animals in the field.
The testing of alternate growth rate models culminated in 
the selection of the von Bertalanffy growth form to be used in 
conjunction with the preliminary temperature dependent model.
The conditional applicability of each component has been discussed 
in Chapter III.
Growth accelerates rapidly following warming of the water 
above 20°C. The von Bertalanffy growth form is assumed applicable 
at these water temperatures and provides results which are compatible 
with observed data.
Referring again to figure IV-14, it is noted that shifts of 
the leading edge for both theoretical results and observed data 
are coincident up through the sixth week. However, the continued 
shift in the theoretical distribution past the sixth week is much 
greater than that observed in the field data. Also, at the tenth
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week, the calculated results begin to 'blow up1 since a maximum 
length, equal to 120 mm was arbitrarily selected and nor­
malization of the area under the distribution causes a 'stacking- 
up' effect as the leading edge progresses beyond Inspection
of the observed data shows that the distribution approaches a stable 
condition by the sixth week with lengths ranging between 40 and 
120 mm. A balance between the growth rate and the rates of mortality 
and emigration then maintains the distribution through the twelth 
week. Similarly stable distributions are seen in field data for 
other years and even for data averages over all Louisiana Wild 
Life and Fisheries Commission's sampling locations in Barataria 
Bay (figure IV-17).
Because of the coupling effects, it is difficult to accurately 
determine growth rates from length-frequency data; thus experimental 
field and laboratory studies were relied upon to provide the needed 
estimates. From the preceding and subsequent computer results, 
it was concluded that the model as developed in Chapter III 
adequately describes the average juvenile growth rates as observed 
in field data. However, it should be stressed that only average 
rates were considered in this study. A more sophisticated model 
might include a spread or 'smear' of growth rates for shrimp of the 
same length (age) which are subjected to identical environmental 
conditions. Such differential rates, which have been recorded 
in laboratory studies (Zein-Eldin, 1963) may result from selecting 
shrimp with different traits. Based upon the laboratory observation, 
selective breeding could promote those stocks with greater growth
Figure IV-17. Louisiana Wild Life and Fisheries Commission brown 
shrimp length-frequency data averaged over all 
sampling stations in Barataria Bay, 1967.
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potential. Such an endeavor, however, is contingent upon success­
fully completing the shrimp life cycle in controlled culture. This 
has not yet been accomplished.
Mortality study
Statistical data recorded for the U. S. commercial shrimp 
fishery is primarily in terms of pounds of landings. Limited 
estimates of size distribution of the catch are available but 
are not given in the detail which is needed for input to the 
present analysis. Hence, the length-frequency distribution as it 
may be affected by fishing strategy can best be investigated 
through a theoretical approach. Results may then be used to 
recommend field experiments which would improve the data base.
Numerous preliminary models were tested and eliminated 
before arriving at that proposed in Chapter III: a combination of
temperature dependent natural mortality and first order decay 
rates for fishing mortality and emigration. Acceptable results 
were obtained with this simplified representation of mortality 
and emigration. Referring again to figure IV-14, it has been 
noted that the recruitment rate and/or mortality rate should be 
increased to prevent the rapid shift in the distribution. In 
this particular example, natural mortality is represented by the 
polynomial curve fit of laboratory data given in Chapter III. 
Fishing mortality is expressed as a 20 percent reduction per week 
of those shrimp present at the beginning of the fifth week (season 
opening) and is arbitrarily applied only to those shrimp of 80 mm
t)
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length or greater (representing gear selectivity).
For two sample cases shown by the results of figures IV-15 
and IV-16, the fishing rate was doubled to 40 percent per week but 
recruitment pulses were also added. Hence, the effect of increased 
fishing mortality could not be directly assessed. Very good 
results were obtained with the adjustments made in the recruit­
ment pulses (figure IV-16); then, with all other inputs held 
constant, the size selectivity was reduced from 80 mm to 70 mm.
The results for the latter case (figure IV-18) show a significant 
decrease of shrimp between the length of 75 to 85 mm at the sixth 
week of the season. The mean size is shifted toward smaller sized 
shrimp as might be expected.
It should be noted here that the 40 percent weekly mortality 
rate could also represent an emigration rate. This may be the 
actual case for the observed data used in the comparison (figure 
IV-16 and IV-18) since the area from which it was collected is 
not often commercially fished (Jacob, 1971). The length of 70 mm 
might then represent the critical size at which emigration commences.
Returning again to the comparison of rates of. fishing mortality, 
all input for the 70 mm size selectivity case (figure IV-18) were 
held constant except that the fishing rate was reduced from 
40 percent/week to 20 percent/week. The results for the latter 
case (figure IV-19) indicate that a 40 percent rate is more 
realistic. Note the' discrepancies between the calculated and 
observed data at the larger lengths (<100 mm). The results 
presented here suggest potential use of the analysis in optimizing









































This analysis has only been applied to the length-frequency 
dynamics of the brown shrimp. With a simple length to weight 
conversion curve such as presented in Chapter II, the results 
could be alternately expressed in terms of weight-frequency.
With a length or weight-frequency distribution and some measure 
of the shrimp density within a given area, the total biomass 
available to the fishery and fishery production may be estimated 
for that area. Such quantitative studies are not easily accom­
plished; hence, most shrimp data are collected on a relative 
basis such as catch per unit effort. Such data allow comparisons 
between catches of different years but rarely allow estimates 




Application of a general population-balance to the analysis 
of shrimp population dynamics is a novel approach. The useful­
ness of such an approach in analyzing the changes in length-frequency 
during the inshore brown shrimp season has been illustrated by 
results presented in Chapter IV. The balance model as formulated 
in Chapter III allows complete generality in the population 
parameters.
By contrast, a simple fisheries yield model such as developed 
by Beverton and Holt has limited applicability to the inshore 
portion of the shrimp life cycle. This period in the life of 
brown shrimp in Louisiana begins in early spring when post larvae 
are recruited form the Gulf of Mexico and ends when all juveniles 
and sub-adults have either emigrated back to the Gulf or succumbed 
by natural and fishing mortalities. The estuarine period is charac­
terized as one of rapid growth and high mortality. Since the 
simple yield models incorporate long term time averaged rates for 
recruitment, growth and mortality, they are insensitive to the 
rapidly changing environmental conditions.
The generality of most mathematical models must be compromised 
between a system of equations which can be readily solved and a 
system which maintains a valid representation of the real-world 
system being modeled. Additionally, models of biological systems 
may be further restricted due to insufficient data which are
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required for verification of theoretical results. In the present 
analysis, reduction of the general population balance .to a 
'well-mixed tank' model demonstrates an acceptable compromise.
The resulting equations are the simplest to solve and also give 
a realistic representation of shrimp length-frequency dynamics.
Expressions for parametric rates (i.e. growth, recruitment, 
mortality, and emigration) are somewhat restricted, however, with 
emphasis placed on those factors suspected to be most important 
in controlling that parameter. The model for recruitment is a 
good example of the restricted approach since it is based solely 
upon a tidal mechanism. Although tides are probably the prime 
controlling factor, recruitment is also influenced by many other 
factors as summarized in figure II-2. As more data become available, 
these factors may be incorporated in an extension of the present 
analysis. Models for the other rate parameters might be similarly 
extended by considering additional factors. Following is a 
summary of the models and specific recommendations for extending 
the analysis.
Recruitment
Two approaches were taken in the recruitment studies.
First; familiar distribution.functions were used for the initial 
condition and subsequent recruitment pulses. Normal, log-normal, 
and skewed normal distributions were investigated with a desire 
to recreate the polymodal shape seen in field-collected length- 
frequency data. Results of this approach high-lighted the need
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for Incorporating a tidally controlled recruitment mechanism. The 
results also suggest that future field sampling of post larvae 
at the passes be correlated with tidal phase. Logical extension 
of this approach is to couple the recruitment to a hydrodynamic 
model which could be used to predict the spatial distribution of 
passively transported post larvae within the estuary.
The second approach utilized curve-fitting methods to convert 
discrete field data for early juveniles into continuous functions 
for the initial condition input. Polynomial and non-linear least 
squares curve fit models were investigated, with the latter providing 
the more realistic results. Sums of skewed normal distributions 
gave very good 'fits' of the field data.
Growth
The model for shrimp growth rate consists of two distinct 
phases separated by the critical sustained water temperature of 
20°C. Prior to the water being warmed to 20°C, small shrimp 
within the estuary show nearly zero growth. During this phase, 
a temperature dependent growth model based on laboratory data 
was used. After the water temperature consistently exceeds 20°C, 
rapid weekly increases in length generally occur. The von 
Bertalanffy growth form was assumed applicable during this phase 
of growth. Acceptable results were obtained with the von 
Bertalanffy growth equation. However, the coupling of effects 
from recruitment, mortality and emigration processes hinders the 
study of growth rates in isolation. Extensive sensitivity analyses
might aid In decoupling the effects of the various processes.
The current model can be used for projecting the distribution 
through time to estimate its shape at a proposed season opening 
date. Future extensions depend upon field and laboratory studies 
in supplying data on density dependent growth rates. Shrimp 
mariculture experiments may also provide needed information on 
growth rates.
Mortality
Two approaches were used to model shrimp mortality. First, 
temperature dependent mortality rates as observed in laboratory 
experiments were fitted by a polynomial least squares curve and 
used in the model for natural mortality. These experiments were 
restricted to smali shrimp and the measured mortality rates are 
understandably lower than that expected in the uncontrolled 
natural system. Hence, a second approach relied on field derived 
estimates of both natural and fishing mortalities.
The current analysis provides acceptable results with the 
proposed mortality model but useful extensions may be noted. As 
developed, the model is suited to theoretical studies of manage­
ment strategy. The effects of gear selectivity and magnitude of 
fishing pressure have been demonstrated in Chapter IV with changes 
in the length-distribution. The model may be useful as a tool to 
the resource manager who wishes to optimize the catch by placing 
restrictions on the exploitation techniques. For successful 
management of the fishery, more data are needed for gear selectivity,
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gear efficiency, spatial variation of shrimping pressure, etc.
Emigration
The model for mortality was also used to represent the emigra­
tion rate. Field estimated rates have been used thus far in the 
analysis and have been applied to shrimp greater than some 
specified length to demonstrate distributional shifts when emigration 
commences. If this analysis is ever to be extended or coupled with 
one for the Gulf shrimp fishery, more information on migratory 
movements within the estuary will be a necessity. The resource 
manager needs such information to better control exploitation in 
areas which may serve chiefly as nurseries for the early juveniles 
and have only insignificant numbers of commercially sized sub-adult 
shrimp.
Production
This analysis has only been applied to the length-frequency 
dynamics of the inshore brown shrimp. Of more fundamental 
interest to the shrimp fisherman and resource manager is the 
pounds of production. The conversion from length-frequency to 
weight-frequency is readily accomplished but there is a more basic 
problem than this simple conversion. To predict the seasonal 
production of shrimp requires some absolute measure of the 
population level. Preferably, an absolute count of the post larvae 
recruited from the Gulf should be made. Then using models for the 
population parameters, this initial population could be followed 
through the season in terms of numbers surviving or biomass
available to the fishing. The available data on recruitment are 
relative measures of catch per unit effort and have not provided 
a reliable index to subsequent commercial production. As more 
reliable data are accumulated, the model presented here can be 
readily extended to predict shrimp production in absolute units.
In summary, it is at once apparent that in developing mathema­
tical models, the ultimate model may be beyond one’s resources 
of present knowledge, and time or economic allocations. Similar 
limitations are likewise encountered in field or laboratory studies. 
An important question is then which approach provides the most 
valuable information within the resource constraints?
It is concluded, on the basis of this study, that a parallel 
or iterative use of experimental and theoretical approaches is 
imperative. Relative weighting might favor the field and labora­
tory analyses early in the program but then be shifted toward 
theoretical analyses.
The study of inshore brown shrimp population dynamics has 
reached the point where more significant knowledge might be obtained 
with the theoretical approach. Extensive field sampling has been 
in progress for approximately ten years; laboratory experimentation 
on brown shrimp has proceeded in parallel with field studies for 
about the same period; more recently, shrimp mariculture feasibility 
studies have been conducted. To continue the same field methods 
would provide little new information'. The theoretical approach 
should now be used to highlight those areas needing specific 
attention.
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The present analysis has served this purpose to a degree In 
providing a tool which might be used by the shrimp biologist and 
resource manager. Potential uses include the projection of the 
size distribution through time with a variable growth rate model.
The current method of projecting a suitable opening date as used 
by the Louisiana Wildlife and Fisheries Commission (LWLFC) can 
not account for reduced growth rates associated with sub-optimal 
water temperature in early spring. Early recruitment pulses measured' 
as a length frequency distribution of juveniles can be used as an 
initial condition and a multitude of assumed changes in water 
temperature simulated with the computer program. Such an approach 
is appealing since the field sampling program might be reduced to 
recording water temperature instead of continuing an extensive 
shrimp sampling program. Of course, this is an over-simplification 
but still valid argument.
A second use of this analysis is the study of transport of 
post larvae pulses and spatial distribution. The LWLFC has not 
been successful in relating the recruitment of post larvae to the 
succeeding commercial harvest. This analysis should serve as an 
investigative tool for explaining the inconsistencies.
The results in Chapter IV show the potential for using the 
analysis in studies of gear selectivity. The expertise of the shrimp 
resource manager is needed to exercise this tool in developing an 
optimal fishing strategy.
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APPENDIX A
DEVELOPMENT OF GENERAL POPULATION BALANCE
The derivation of the general population balance equation is
presented in this appendix. The derivation follows that of
Randolph (1964) and Himmelblau and Bischoff (1966).
Consider a number distribution of entities denoted by
Let the number distribution be a function of three dimensional
space, m properties (such as length, weight, age, color, etc.),
and time. In functional notation this can be denoted as
V - ^(x, y, z, P1# P2, P3, ...Pm , t)
and the units will be
___________________________ (Number)____________________ ________
(Unit Geometric) (Unit Property) (Unit Property)
Volume Change ' ]_••• Change m
This distribution function can be thought of as a number density 
in 3 +  m dimensional space based on 3 space dimensions and m 
property dimensions. If a region in this space is denoted by 
S , then
dS = dxdydzdp^dp2dp^.•-dpm .
To write a population balance on this differential volume it is 
convenient to define birth rate distribution and death rate dis­
tribution functions as follows
B = B(x,y,z,p-^,P2»Pg.. •Pro» t)
and
D = D(x,y,z,p1,p2,p3...pm ,t) 
where the units are
Number
/Unit\/Unit Geometric\ /Unit Property\ /Unit PropertyA 
' Time 'I Volume ' \ Change / ‘'\ Change /
1 IB
The population balance for the differential element can 
be expressed as
Rate of Accumulation = Net Rate of Generation
or
/g^dS = /s (B-D)dS (A-l)
Applying the rule of Leibnitz for differentiating an integral
-d /b(t) f( = rb(t) f 3f(x,t) d_ f d x  f , Cl) d
dt a(t) ±<x »t>dx i(t) V 3t d x L dt ;J3
equation (A-l) can be expanded to yield





vx ~ 9t, vy ” 3t, vz" 3t
v, =
1 3t
Since the region S was arbitrary a necessary condition for equation
(A-2) to vanish identically is that
a»u S '  S 3 m  3
TE + +  ! ? < V >  -  +D-B!,° <A‘ 3)
which yields the general microscopic population balance in the 
cartesian coordinate system. The vx »vy»v z can be interpreted as 




Himmelblau, D. M. and K. B. Bischoff. 1966. Process Analysis 
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Randolph, A. D. 1964. A population balance for countable entities. 
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APPENDIX B
• FUNCTIONAL FORMS OF FREQUENCY DISTRIBUTIONS 
USED FOR INITIAL CONDITIONS
Two approaches were used to obtain the 'initial condition 
required in the solution to the population balance equation.
In the analysis of the recruitment mechanism, the initial dis­
tribution was represented by familiar frequency distributions 
including normal, log-normal, and skewed-normal distributions. 
Analysis of the growth, mortality, and migration of juvenile 
shrimp was accomplished by first converting length-frequency 
distributions observed in the field to functional forms by 
curve fitting techniques. These techniques are generally appli­
cable to problems in which one desires a continuous function 
which represents discrete data collected in field or laboratory 
studies.
The data are usually recorded in terms of number distribu­
tions and must first be converted to frequency distributions 
so as to make them amenable to fitting with probability distri­
bution functions. The necessity for this conversion is to normalize 
the data so that the area under the distribution is equal to unity. 
Viewed conceptually, the normalized data then represent the pro­
babilities that certain fractions of the total population will be 
within specified size limits. The sum of the probabilities must 
equal one since all individuals will be included somewhere between 
the lower and upper limits of the distribution.
The skewed normal and log-normal distributions were found
most suitable for use as initial conditions and as non-linear 
models for fitting field data. The mathematical expression for 
the skewed normal distribution is
the limits - 00< X < + 00» ” 00 < U < + °°» a > 00 < a < +  00
and the parameters defined as 
a = standard deviation 
M = mean
a = skewness coefficient 
It should be noted that equation (B-l) reduces to a normal dis­
tribution when the skewness coefficient, a, is set to zero. 
Hence, both normal and skewed normal distributions are available 
using this expression.
The log-normal distribution takes the form
f(x;y,a,e) =  i  exp I" - (B
a(xT.e>vH 1  r ?  J
with the limits
x>e,- o o < y <  + «», a > o ,  - 00 < e < + °° 
and the parameters defined as 
a = shape parameter 
y = scale parameter 





In the non-linear curve fitting of data, the sum of two 
distributions was typically used. For example, the sum of two 
log-normals is given by
F - Ar >fi(x;y1,a1,ex) + (1-Ar)•f2(x;y2,a2,e2) (B-3)
where Ar = relative area parameter.
This additional parameter is necessary to maintain a normalized 
area under the function F. The two distributions, f-̂  and f£, 
follow directly from equation (B-2), i.e.
. f - r m - / - _ * . x _ , „ i 2i = ^ exp C  — )—ui]1 pl -^r---)
and
e*P \ ,lln"' ffiV2'
The seven parameters which characterize the function F may be 
expressed by the following:
Px = i- P* - li2 P? - e2
P 2 = P5 A r
= —  PA = el3 a2 6
In terms of these definitions, the function F is
F -  Tar [  Z i ! |  « p  { - |[ p a{in (x-p6)-p 2} ] 2 j  
C (x-P6> J
+ P3 (1~P5) exp{-|[P3(ln(x-P7)-P4}]2}T (B-4)
(x-P7) J
The non-linear curve fit was then obtained with a '.canned' 
program available at the Louisiana State University Computer
Research Center (Borg, 1971).
A similar approach was followed with the sum of two skewed nor­
mal distributions. The approach was arbitrarily limited to fitting 
biomodal distributions but in general field data with more than 
two modes could be modeled by the addition of more functions or 
even mixed functions.
LITERATURE CITED 
, J. Z. 1971. A subroutine for obtaining a non-linear 
curve fit (based on "The Damped Taylor's Series Method 
for Minimizing a Sum of Squares" by H. Spath; A.C.M., 
Nov., 1967), Louisiana State University Computer Research 
Center, Baton Rouge, La.
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APPENDIX C 
VON BERTALANFFY GROWTH MODEL
The following discussion follows the summary by Beverton 
and Holt (1957) for derivation of the von Bertalanffy growth 
equation. The basis for this derivation is the analogy of an 
organism to a reacting chemical system obeying the law of mass 
action. The physiological processes responsible for the mass of 
an organism at any time are grouped into those of anabolism and 
catabolism. The rate of change in weight, dw/dt, is then expressed 
in terms of some powers, n and m, of the body weight by the 
equation
= H n - kwm (C-l)dt w
where H and k are coefficients of anabolism and catabolism, 
respectively.
To use the model, it is necessary to define the powers of 
n and m. The rate of anabolism is assumed proportional to the 
resorption rate of nutritive material which is further assumed 
to be proportional to the magnitude of resorbing surfaces. The 
rate of catabolism is assumed proportional to the total mass 
being broken down, i.e. a constant percentage of body material 
is broken down per unit time.
With the rate assumptions, the change in weight is rewritten
-iH_ = Hs - kw (C-2)dt
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where
s = effective physiological surface of the organism 
H = rate of synthesis of mass per unit 'physiological surface1 
and k = rate of destruction of mass per unit mass
The terms, s and w, are expressed in. terms of the length 
dimension, 1, by assuming that the organism is growing isometri- 
cally and has constant specific gravity. The relationships are
s = pi2 (C-3)
w = ql^ (C-4)
where p' and q are constants. The time derivative of equation (C-4) 
is
= 3 ql2 SL  ( o s ,
substituting equations (C-3), (C-4) and (C-5) into equation (C-2) 
gives the time rate of change of length
_dl_ = H£l  - _kl_ (c_6)
dt 3q 3 b)
Grouping the constants with E = SB—  and K = , the equation3q 3
may be rewritten
-SL. = K(S - 1) (C-7)
dt K
The length at any time; lt» is obtained by integrating equation 
(C-7) with the initial condition l = L Q 0 t = o ;  i.e.
L/1t » K / t dt (C-3)
Jo /E. , v o
< K - «
which gives
1t " K (K “ Lo)e (C-9)
EIt should be noted that as t -*■ °°, 1^ “  which is the maximumC K
length that the organism can attain, denoted by L^. With this
notation equation (C-9) becomes
Kf '1lt = - (L^ - L0) e (C-10)
Equation (C-10) is simply converted to an expression for weight
using the isometric relationship, equation (C-4). Thus,
W fc = [WJ-/3 - (W^l/3 - WD1/3) e -Kt]3 (C-110
A modification of the von Bertalanffy model.was proposed
by Beverton and Holt to simplify the mathematical operations
involved. A hypothetical time (age), t = tQ , is incorported
into the model to denote when the organism, with the same growth
pattern as that observed in later life, would have been of
zero weight (or length). Thus, substituting W = 0 @ t « to
into equation (C-ll) and solving for W 0 gives
Wo=+ Wro (1 - eKto)3
With this relationship, the modified form of (C-ll) becomes
Wt = Wra [1 - e-K(t-to)]3
or similarly for the length, equation (G-10) becomes
lt = Loo [1 - e"K(t" to)]
The applicability of the von Bertalanffy growth equation
as developed here has been shown for various species of organisms
including fishes and certain invertebrates (von Bertalanffy, 1957).
The model is widely applied in international fisheries (Beverton
and Holt, 1957, Gulland, 1971) and has been found useful in studies
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APPENDIX D 
DEVELOPMENT OF FISHERIES YIELD MODEL*
The total recruitment through the passes to the Baratarla - 
Caminada Bay system has not been well established. The conclusion 
reached by the LWFC (Ford and St. Amant, 1971) Is that the sampling 
of recruited post larval shrimp has not provided an adequate index 
for the prediction of commercial yield.
The basis for this simple model is to predict the yield per 
captured recruit. When the adequate methods are developed for 
relating the captured recruits to total recruitment, corrections 
can be used to calculate the total yield.
For a first approximation, we may assume that all post larvae 
enter the passes on a given date each year and that the magnitude 
in numbers is at a 'steady state' - the survival rate from eggs to 
post larvae adjust to supply a nearly constant population even 
though spawning activity and egg production may fluctuate from 
year to year.
The total number recruited is represented by R^* From age
(date of recruitment), tp, to an age tp', when the season opens,
the number has been decreased by natural mortality to a lower
value, ftT . From tp' to the end of the season, t^, the decrease in
numbers is the result of both natural and fishing mortalities. For
this crude approximation, emigration is assumed negligible through- •
out the season. After time, t\, the decrease in numbers is the
* The development of this model follows the treatment of fish 
populations reported by Beverton and Holt (1957).
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result of natural mortality and emigration until no shrimp remain.
A. Mortality
The simplest case to be considered for natural mortality is 
that the rate of decrease in numbers of shrimp is proportional 
to the number present at that time; i.e. 
dN
dt - MN (D-l)
where M is a constant from tp onward through time. From time tp 
until the start of the inland season, the number present at any 
time, t, is
A  _dN_ . _M ,t dt
tp LP
N. = N,. e_M(t-tp) (D-2)
t P
The number available to the fishery is
N t» , t'
/ 'P = -M / dt
N t - R N tCp“ R P
or
N tt = Re “M (tP-tp) = r  (D-3)
P
Both natural and fishery mortality are considered from 
opening of the season, t^, to close of season, t^, and in the 
simplest case, are constants over that period and independent 
of each other. Assuming, that the rate of decrease is again 
proportional to the number present
dN _
dt:
(V + M)N (D-4)
and integrating over the limits 
S  = -<F+M) A t
N4  N t'
results in the number remaining at the end of season
N = N t e_(F+M) tX“tp) (D-5)
tX CP
or any time during the season
N = N e -<F+M> (D-6)
C *P
After time tx, the decrease in numbers is the result of
natural mortality and emigration and the rate likewise assumed
proportional to the number present:
_ dN_ = _(m +E)N (D-7)
dt
where E is the emigration coefficient.
Equation (D-7) when integrated over the limits




N = N e ~ (M+E) ( t r - t x )  (D_ 9 )
F tx
This model shows that theoretically the number remaining will never 
equal zero but approaches zero as tp increases.
B. Growth rate
The von Bertalanffy growth form is assumed which gives the 
individual weight at time, t,
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W t “ [1 - e-k(t-to)j3 (D_1Q)
and similarly the length,
lt = [1 - e -k(t-to)] (D_n )
See Appendix C for derivation of equations (D-10) and (D-ll).
C. Total weight
Expanding the cubic term in equation (D-10) results in
Wfc = E e "nk(t"to) (D-12)
n-o
where




The total weight at any time, t, during the period from 
recruitment (tp) to the season opening (tp') is then the product 
of equations (D-2) and (D-12):
3
NtW t = [Nt e -M(t-tp)] [WoQ E ^ - n k U - t o ) ]  (D_13)
P n=o
where tp < t < tp'.
The total weight available at the opening of the season is
3
Ntp1 W t = [Re -mCtp'-tp)] £ -nk(t-to)] (D-14)
n=o
The total weight at any time during the shrimp season is the 
product of equations (D-6) and (D-12):
NJW = [Nt e -(F+MXt-tP')] [w £ tie -nk<t"to)] (D-15)t C (*n f 00 J!F n=o
where tpl < t < t^.
D. Yield
The yield in weight for any time during the shrimp season is 
given by integrating the equation
/YW dYw - / ** F NtW.d,. (D-16)o tp * t t t
over the specified limits. Substituting for total weight from 
equation (D-15), the yield is
3
Yw = INt tW09e*F4M> V  s ftnenkt£> ft e "(F+M+nk)t dt 
P n=o tp'
3 fine "nk^tp#t®^ [i-e “ (F+M+nk)(t-tp')] (d -17)
Yw = FN. Wro Z '(F+M+nk)
V  n=o
The total yield is the integral over the time period 
X = t* - tp »
or
Yw* = FNt .W*, E fine -nk(tp »-t0) ̂ -(F+ffl-nk)^ (d -18)
P n=o (F+M+nk)
An expression for yield in numbers can be similarly derived.
A computer code for the Beverton and Holt fisheries yield 
model and some typical results are provided at the end of this 
appendix. The plots show the sensitivity of the yield to varia­
tions in season opening date and time of recruitment.
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C LUMPED MODEL WITH K SUBAREAS
DIMENSION YN(5.)
DIMENSION T (50),XNT(5f > ,TW(5C).YW(51 )
DI MEN SI ON TXNT ( 5 -.j , 10 ) , TTW< Sf . 1 -1 )
DIMENSION TY*(SC , 1C ) .TYN(5 C ,10>
DIMENSION T N O (50 ),TN0PCR(5' ) ,T0TWT(5 . )
D1MENSI ON TOTWPP (5 _ ) » TOTYW ( 5*> ) • T0TYWR(5' ) » TOTYN( 5 C )
DIMENSION TOTYNPISr)
KEAD(S.IOL) IF IN 
NCASE=1 





DO 1C J=1 * K 
*RITE (6.2V ) < .J
2>: FORMAT( H I  , 1 JX .* ***LUMP£D MODEL W ITH • . 1 X » I 2 • 1 X . • 5U E AREA S4* *• • / 8X* 
1*1NPJ T DATA FOR SUBAREA• ,1X , 12./)
CAI SA*">EA( T» XNT .Tta.YW.YN.N.CRSA)
T C R= TCR +CR 5 A 
DO 1C I=1,N 
T N O ( I )= w  
TOTWT ( I )= ?:o .
T JTY w ( I) = C C 
TO TYN ( I )=•-;.
TXNT( I, J)=XNT(I)
TTVit I • J)=TW( I )
T Y W ( I•J ) = YW( I )
TYN(I,J>=YN(I)
I 0 CONTINUE
wRI TE (6.24v ) K
2 4 C FJRMAT( H I .  1CX. '***LUMPED MODEL WITH*•1X,I 2•1X ••SUBAREAS***••//
1S X ,•SUMVAT I ON OVER 5UBAREAS*/3X*•TIME(W K )• ,3X.•NUMBER*•3X•'NUMBER* 
2. OX, 'TOTAL * .3X. • TOTo (HTj '»2X«*Y I ELD I N • ,2X , • Y I ELD PER*,2X.•YIELD** 
34X,'YIELD IN',/24X, 'PER* ,4 X . •WTa(G M )•,S X ,'PER*.5 X ,•GRAMS*,4X,
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4 • CAPTURf-D* ,3 X. 'IN NO; • . 3X. • NGo PER' ./22X,• CAPTURED • .12X.• CAPTJRED' 
5*12X * 'RECRUIT• . 1 3X .'C APTURED*,/?3X.'RECRUIT',12X,•RECRUIT'•32X. 
b'RECRUIT',//)
00 3-1 I =1 » N 
DU 2 7 J=1.K
TNO( I > = TNO( I ) + T X N T ( I,J>
T3TWTtI)=T0TWT(I)+TTfc(I,J )
TUTYVkt I )=T0TYW{ I 1 + T Y M  I , J)




TUTYWRt I) =T3TYw( I ) /TCR 
TOTYNRt I )=T0TYN< I)/TCR
*« ITE (6.26 1 ) T ( I ) . TNO ( I ) .TNCPCR ( I ) « T OT W T ( I ) ,TOTWPR( I ) .TOTYW { I ) . 
ITOTYWRt I) »T0 TYN( I ).TOTYNRt I)
26.) FuRMAT(2X,FBa2.3( 2X. = 8 j 3) )
3v CONTINUE





C LUMPED PARAMETER MODEL FOR SHRIMP POPULATION DYNAMICS
DIMENSI ON T ! 5C ) * XN T ! 5 C ) » W T ! 50 ) » T W I 5 ‘ )»YW{5j)
DIMENSION YN ! 5C- ) • OMEGA ( 4 )
DIMEN SION XNPCR(50) .TWPCR! S' > .YWPCR!5j )•YNPCR(501 
C INITIALIZE COUNTER FDR CASES TO BE RUN
C READ NUMBER OF CASES
C READ IN DATA
C T P =TI ME OF RECRJITMENT
C TPP = T IMF. SEASON OPENS
C TL = TI ME SEASON CLOSES
C TF =TI ME EMIGRATION COMPLETED
C D£LT=TIMF INCREMENT
C F= FISHING MORTALITY COEFFICIENT
c XM= NATURAL MORTALITY COEFFICIENT
C E= EMIGRATION COEFFICIENT
C X N T P = NUMBER OF RECP.UITSIOR CAPTURED RECRUITS)
C *INT= CONSTANT FOR VON BERTALANFFY•S EQUATION
C XK= CONSTANT FOR VON BERTALANFFY•S EQUATION
C TO = CONSTANT =OR VON BERTALANFFY•S EQUATION
1 READ (5*11;?) TP.TPP *TL « TF . DELT, F . XM .E ,XNTP. Wl NT • XK .TO 
l l v  FO RM A T ( r. 1 2 ; 3  )
CR=XNTP
C WRITE IMPUT DATA AND OUTPUT LABELS
WRITE(6,20: ) T P.TPP.T L .TF » DELT » F .X M . E .XN TP.WINT.XK.TO
2 v C FORMAT!10X.'TIME RECRUI TED! WK. ) = • . E I 2 o 3 » / 1 OX .
I 'SEASON 0PENING!WK='.E12d3./1CX,'SEAS0N CLOSE DATE!W<) = •.E12 a 3,/ 
21CX. 'TIME EMIGRATION ENDS!W K ) = •.E 1 2d 3./I 0 X.•TI ME INCREMENT!W K ) = • * 
3E 12d 3./I OX.'FISHING MORTALITY'.E12a3./lCX» 'NATURAL MORT ALITY=*• 
AE12d 3./1CX. 'EMIGRATION COEF = • ,F.l 2 o 3 • / 1C X, • NUM3ER RECRUI TED ='.
5E 12o3,yiCX, 'COEFFICIENTS FOR • ♦/1*'X,*V ON BERTALANFF Y • • /1 OX ,
6'GROW TH EQUATION*./12X.»W INFINITY =•.El 2*3./I2X,•< = • . 9X.E12o3./
712 X .•TSUB ZERO = ».E12d 3) 
wRITEI 6.21V)
21 * FORMAT! 1H1.3X •• TIME!WK) •.3X.'NUMBER•.3 X ,'NUMBER•.2X, 'INDIVIDUAL'• 
13X, 'TOTA_• ,3X,'TOTo WT d •.2 X .•YIELD I N • , 2 X .•YIELD PER*.2X,•YIELD'•
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2 AX, » Y IEL.D IN • ,/24X. • PER • , 5X . • WE IGHT ( GM ) • , 3X. • WT o < GM ) • , 3X • • PER • • 7X. 
J* GRAMS* »3X , • CAPTURED* ,3X, • IN NOo • .AX . • NO-j PER * ,/22X * ‘CAPTURED* . 
A22X . ‘CAPTURED* , 1 3X , 'RECRUIT • , 12X , 'CAPTURED* ./23X . 'RECRUIT • ,2 3X .
5 'RECRUIT*.33X * 'RECRUIT*,//)
C INITIALIZE PRINT AND TIME COUNTERS  ̂ BEGIN
1 =  1
T I ME= TP 
G3 TO 5
2 TIME = TI ME + DELT 
1 = 1 + 1
5 «T( I > =W INT*< lv>EXP(-XK#( T IME-TO) ) ) **3 
XNT( I ) = XNT P* £XP( -XM*( T I ME— TP) )
T *( I )=XNT CI)*WT( I )
Y « ( I ) =? .• ;•
YN(I)=0 j
XNPCR( I ) =XN r(I )/CR 
TwPCR(I )=TW( I )/CR 
YWPCR { I ) =Y ( I )/CR 
YNPCR( I )=YN( I )/CR 
\ T ( I ) = T I ME
IF(TIME~wT,TPP) GO TP 2 
TIME=TPP
XN TP3=XNT?*EXP{-XM *(T IME-TP) )
GD TO 1
3 TIME=TIM£ + DELT 
1 = 1 + 1
i; *T { I >=W INT*( I; *-:;XP (-XK*( TI ME-TO) V) **3 
XMT( I ) = XNTPP#EXP(-(F + XM)*{TIME-TPP) )
T *(I)=XNT( I)* W T ( I )
OMEGA 0=lov 
OMEGA ( 1 >=-3-. ̂
O M E G A (2)=3 > j 
O MEGA(3 )=-1j C
SJM=OMEGAO*( 1 * *.-EXP(-(F+XM)*(T IME-TPP) ) )/(F+XM)
DO 5j J=1.3





Y «' { I ) =F*XNTPP*WINT*SOM
YN(I )=F*XNTPP*< lu0-EXP(-(F+XM)*<TIME-TPP> ) )/CF + XM)
X N P C R ( I ) = XNT1 I >/CR 
TWPCR ( I ) = T W ( I ) /CR 
Y *PCR(I )=YW( I )/CM 
Y.NPCR { I )=YN( I )/CR 
T ( I ) = T I ME
IF(TI M E jL T ) GC TO 3 
TIWE=TL
XNTL=XN TPP*EXP(- (F+XM>*< TIMF.-TPP) )
SUM=D ME GAO*( I; l-EXP(-(F + X M )*{TIME-TP?) ) >/{F+XM>
DO 6‘. J = l,3
60 SUM=SUM+(OMEGA(J)*EXP(— J*XK*(TPP— T 0 ) )/(F+XM+J*XK) )* < la D-EXP 
1{-(F+XM+J*XK)*{TIME-TPP)))
YNTL=F*XNTPP*( 1? ,-£X=>(-(F+XM>*< TIME-TPP) ) )/(F+XM)
YW TL=F*XNTPP*W INT*SUM 
GO TO 15 
A TIME = TIME + DELT 
1 = 1 + 1
15 WTCI)=WINT*<law-EXP(-XK*(TIME-TO))>**3 
XNT( I ) =XNTL*EX3 (-( XM+E)*(TIM£-TL) )
TwCI )=XNT( 1 )*wT( I )
Y w (I)=Y WTL
YN ( I ) =Y NT L
XNPCR(I )=XNT( I)/CR
T«PCR(I>=TW<I)/CR
Y«r PCR ( I )=YW{ D / C R
Y N PCR( I >=YN< I)/CR
T { I )=TI ME
IF(TIMEjL T s TF ) 3 u TO 4 
XNTF=XNT( I-1 )
N =  1 - 1
A PLOT SU3ROUTINE MAY BE ADDED HERE WITH N 
NUMBER OF PO I N T S (EoGs T ( I) VS YW<I>>
DU 7*3 1 = 1,N
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W H I T E (6.22v ) T d ) . X N T ( I ) , X N P C R {I).WT(I).TWCI) .TWPCRC I > . YW(I > . 
1Y W PCR( I ).YN(I ) .YNPCR( I )
22„ FORMAT( gX.FBs2*9(2 X.Jfi*3) )




Figure D-l. Yield in number and weight for
1966 LWFC data using lumped model.
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Figure D-2. Yield in number and weight for 1966 
using lumped model and LWFC data.
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Consider the partial differential equation
II  + JL (w) = B -D (E-l)3t 9L
where
' V = (L,t)
B = B (L, t)
D = D(L, t)
This equation can be expanded to yield
jW + v jW + ,y8v = B -  D (E-2)9t 9L 9L
Constructing a guide in the (L,t) plane as shown in figure (E-l), 







. n,.i - y 4. 0 (At)
= + Q ( AL2)
i,j 2AL W
i,j 2AL U
The difference equation resulting from the substitution of the 
approximations into equation (E-2) is:
[lij.-lij-l.l + v . .r H + l J -yi-Ll]1 At J 2Al  i + n j l  2AL J
= Bi,j - Di,j (E-3)
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or
= Bi,j - Di,j + l l L b lAt
With the boundary conditions V o ^  = 0 and ^o,n «= 0, the set of 
equations from (E-4) can be written in matrix form.
al bl
(E-4)







. V i . . V i
where
ai ~ At






R n .(M lRi " Bi - D5 + At
The subscript j is omitted because only that value of V 
at the previous time, 4^, is needed for a solution at the present 
time.
The coefficient matrix i* tridiagonal in form and thus 
the set of equations is readily solved with the Thomas algorithm 
(see von Rosenberg, 1969, for example).
Explicit Scheme
Starting with equation (E-2) and referring to figure E-2,
* Note that a pseudo boundary condition Implying 4* = 0 .
The value of n is selected large enough so that ¥*°° - 0.o,n
Figure E-2. Grid for explicit numerical technique.
T i n e *  ±
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the following approximations can be made around the grid point 
i -1/2, j - 1/2:
■II - 1/2 + H - l J - H ^ l J ^ l]
3t At At
i i  B 1/2 + y jb J r id a z L J z i]
3L AL AL
3 ^  ~ 1/2 rvLi»j~vLi-l,.j + vLi,j-l~vLi-l,.1 -13 
3L AL Al
Four point averages are used to approximate V , V , B, and D atLj
the same grid point, i.e.
VL . 1/4 [ VL1>J +  +  VL1.J, J.,]
T = 1/4 (Ty +  l-i.j.i +  »w ,j +  V l . J - l '
B » 1/4 [Btjj +  Bij.! +  BW ) j +  Bj.ij.!)
D = 1/4 [Dj^ +  +  Dj.ij +  Di.ij.il
Substituting the approximations into equation (E-2) and 
solving for 'I'ijj gives:
•Ti.J ‘ " i . W  ‘I f  - <vW,3-l)]
+ '•'i-l.jt- + <VLi-l,J + Vi-1,1-1)]
+ Vi-1,1-1 (VLi-i.j + VL1_1, .,-!>]
+ AL (iB - ID )} r {|£l: + (VL i J  +
where B = Bi>;j + Bx j .j + B ^ j  + Bx.xj-x
and ID = Di>:j + + Di_x, j_i
195
Since all terms on the right side of the equation are 
specified by the initial condition, boundary condition, and input 
parameters, the equation can be solved explicity for at
all points within the grid.
196
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APPENDIX F 
COMPUTER PROGRAM FOR LENGTH-DISTRIBUTION
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C E N D
C EXPLICIT CENTERED DIFFERENCE
DIMENSIGN SFN(50)•XSL(50)
DIMENSION V L (500) • FSI(500).BRTH(500).DETH(500)
DIMENSION SL(5C0)
DIMENSION XN(500)•VLPC500)
D IMENSION BRTHP(5CC ) •D E THP(5C0)
DIMENSION P C 5 0 0 )»SFREQ(500)
DIMENSION A( 1C ) •X P {20)
DIMENSION BFREQ(500)•D F REO(500)
DIMENSION Y O B S (5 C )
C ** VL = GROWTH RATE AS FUNCTION OF LENGTH **
C ** PSI = SHRIMP NUMBER DISTRIBUTION **
C ** BRTI- = RECRUITMENT RATE AS FUNCTION OF LENGTH **
C ** DETH = CEATH RATE AS FUNCTION OF LENGTH - COMBINED NATURAL* FISHING. AND
C EMIGRATION **
C ** SL = SHRIMP LENGTH **
C ** XN = SHRIMP NUMBER DISTRIBUTION RESULTING FROM DIFFERENCE SOLUTION **
C ** VLP = SHRIMP GROWTH RATE AT THE PRECEEDING TIME STEP **
C ** BRTHP = RECRUITMENT RATE AT PRECEEDING TIME STEP **
C ** DETHP = DEATH RATE AT PRECEEDING TIME STEP **
C ** P= SHRIMP NUMBER DISTRIBUTION AT PRECEECING TIME STEP **
C ** SFREQ = SHRIMP LENGTH - FREQUENCY DISTRIBUTION **
C ** AVCCEFFICIENTS OF POLYNOMIAL CURVE FIT IF TABLE IMPUT OF INITIAL 
C DISTRIBUTION IS USED **
C ** SET COUNTER INDEX FOR NUMBER OF CASES TC BE RUN **
ICASE = .1
C ** NCASE = TOTAL NUMBER OF CASES TC BE RUN **
R E A D (S*102) NCASE 
C ** READ IDENTIFICATION CODE FOR TYPE OF INITIAL IMPUT **
C **** ID = 1 TABLE IMPUT AND POLYNOMIAL CURVE FIT ***
C *** ID = 2 NORMAL DISTRIBUTION FROM SUBROUTINE NORM* WITH MEAN AND 
C VARIANCE.READ IN ***
C *** ID = 3 LOGNORMAL INITAAL DISTRIBUTION FROM SUBROUTINE LOGNOR WITH 
C SHAPE ANC SCALE PARAMETERS READ IN ***
1 READ(5*103) ID















C AND SLM = MAXIMUM LENGTH
READ (5*100) DEL T *DELL* TM* SLM
102 FORMAT (15)
103 FORMAT(15)
130 FORMA T (4E12*5)
** PRELIMINARY CALCULATIONS **
CALCO (1) N= NUMBER OF SEGMENTS 
N=SLM/DELL
(2) M= NUMBER OF TIME SEGMENTS 
M=TM/DELT
(3) K= INDEX TO BE USED IN MATRIX ELEMENTS
K=N— 1
(4) J= INDEX TO BE USED IN MATRIX ELEMENTS
J=K— 1
DEFINITIONO PI= 3.14159 
XPI=3.14159 
* * * * * *  IN ITALIZATIONS ***
TIME=0.C 
PS 10 = 0.0 
SLQ=Q.Q
OUTPUTO PROGRAM IDENTIFICATION 
W R ITE(6*203)
OUTPUTC TM * SLM* DELT•DELL 
WRITE (6*205) TM*SLM.DEL T*DELL 
203 FORMAT (1HI *45X, ****SHRIMP POPULATION MODEL***•/50X*
1 ***A IRPLANE L A K E * * •*/38X,•(VARIABLE GRCWTH. BIRTH*.
2* & DEATH RATES)•)
205 FORMAT(25X «•MAX TIME(WK)= ••IX*E12.3./25X*•MAX*•
IIX » *LENGTH(MM)=**E12. 3 »/25X»•DELTA T(WK)= **2X. 
2E12.3*/25X,'DELTA L(MM)= • ,2X .E12.3*//)
LOG ICC CHECK INDEX ID FOR TYPE OF INITIAL DISTRIBUTION 
SUBROUTINE TO BE USED.
IF(ID.EQ.l) GO TO 10 
IF ( ID.EP.2) GO TO 11 
IF (ID.EQ.3) GO TO 12 
IF(ID.EQ.4) GO TO 13
roou>
10 CALL TABLE(DELL* N* S L •P S I * IP .A,IN)
W R I T E (6*208)
W R ITE(6« 2 0 C ) (AC1>.1 = 1.IP)
GO TO 99
11 CALL NONLINCDELL.PSI,SL,N.XPI.N P ,XP,IN>
W R I T E (6 »2G1) { XP(I) ,1=1.NP)
GO TO 9 9
12 CALL LOGNOR(XPI« IN *DELL.AMEAN * V AR . P S I •N ,SL) 
WRITE(6.2C2) AWEAN•VA R
GO TO 99
13 CALL SKEWNCXPI.IN.DELL.AWEAN,VAR.ALPHA •PSI• N.SL)
WRITEC6.2C9) AMEAN.VAR.ALPHA 
209 FORMATC25X.*SKEWED NORMAL DISTRIBUTI O N •/3QX.•WEAN=' * 
1E12* 3 ,/30X.•VARIANCE=• »E12*3*/30X*•ALPHA=•.2X.E12.3) 
99 CONTINUE
200 FORMAT!A©X,F12*5)
208 FORMATC25X.•TABULAR READ AND POLYNOMIAL CURVE FIT*. 
1//38X,'COEFFICIENTS IN ASCENDING ORDER*/)
201 FORMATC35X* 'NONLINEAR CURVE FIT MODEL*./35X.
1•SUM OF TWO SKEWED NORMALS*./45X,•PARAMETERS*./48X,
2* CCEF• OF SKEWNESS-MODE 1 =»•1X.El2o3./•48X.
3* 1/STANDARD DEVI AT ION-MODE1 = ••1X,E12e3•/4 8 X .
A'MEAN-MODE 1= * »15X.E12.3./48X*
5'C O E F • CF SKEWNESS-WODE 2 = ' .E12*3./ 4 8 X ,
6 * 1/STANDARD DEVI ATICN-M0DE2=**E12#3./48X,
7 * MEAN-MODE 2=»•15X,E12 * 3 */A8X.»R A T 10 OF AREAS—MODE1=• 
8.E12.3,/)
202 FORMATC25X**LOG NORMAL DISTRIBUTION•/ 3 Q X ,•ALPHA=* *
IE 12* 3 */20X *•BETAS *.El2» 3)
OUTPUT© INITIAL DISTRIBUTION 
WR ITE C 6* 206)SLO.PSIO
CALL SIMPCPSIO *P SI.DELL *N * SUMS * SFREQ)
DO 8 1=2.IN,2
WRITEC6.20A) SLC I) .PS ICI)•SFREQCI)
8 CONTINUE
WR ITE C 6.210) SUMS
CALL LENT(DELL.M.PSI•SFN,XSL•KK.SUMS•YCES)
CALL GRAPH(XSL.SFN.KK.TIME.SUNS•YCBS)
206 FORMA T (//25X»•** SHRIMP DISTRIBUTT ON***/25X.'LENGTH* 
I.11X. 'COUNT*.12X .‘FREQUENCY*/*19X,E12®3.5X,E12®3)
204 FORMATC19X.E12®3,2C5X,E12®3))
210 FORMATC44X.'TOTAL SHRIMP = ••E12o3)
T = 1® 0 





00 4 1=l.K 
PC I)=PSICI»
BRTHPCI)=0®0 
DETHP CI )=0®C 
4 VLPCI)=10®24 
C ** START MAIN PROGRAM **
2 CONTINUE
CALL BIRTHC TIME*P »XPI•K» BRTH)
CALL GROWTH CTIME*N•V L •S L •TEMP)
CALL CEATH CDETH*TI ME.N.SL•PSI•TEMF)
XNC1>=CPSIC1)*(C 2*C*DELL/DELT)-VL Cll-VLPC1)> + CELL*
1C(BRTHC1)+BRTHP C1)+BRTHO+BRTHFG)-CDETHC1) + CETHPCl) + 
2DETH0 +OETHPO)) >/CC2®C*DELL/DELT>4VLC1 )+VLPCl))
X N C N )  = 0 . 0  
OO 14 1=2.K
XN CI) = CPSIC1-1)* C C2®0*DELL/DELT)♦ VLCI — 1 l+VLPCI-l)) + 
IPS I CI >*CC 2®0*DELL/DELT)-VL Cll-VLPC I)>+XN<I-l)*
2C C — 2® 0* CELL/DELT ) +VLC I — 1) 4-VLP C I — 1 ) >+DELL*C CBRTHC 1)4 
3BRTHP Cl l+BRTHC I-1>4BRTHPCI-1> ) — C OETH Cl) +DETHPC 1)4 
4DETHC 1-1J + OETHPC1-1)))>/C C2®04DELL/DELT )4VLCI>4 
5VLP C I ) )




CALL SIMPC PS IO • XN .DELL • N, SUMS , SFREQ )
DO SO 1=1.N
50 P S K  I ) = XN{ I >
IFC(2«0*T-TIME)»GT«0o0) GO TO 3 
W R I T E {€ » 207) TIME 
WR ITE(6.212)
00 51 I=2 »K•2
WRITE (6.213) S L ( I ) .V L P (I).VL(I)»BRTH(I),DETH( I )•






211 FORMAT!44X,'TOTAL BIRTH = • ,E12»3,/ 4 4 X ,'TOTAL DEATH =',512o3) 
207 FORMAT(1H1.5X. 'TIME(WKS)=' ,E12e3>
212 FORMA T(3X,•L E N G T H •,10X,'GROWTHP• ,1 O X ,•GROWTH•,iOX.





T =T + 1«0 
3 TIME=TIME+DELT 
DO 5 1=1, K 
BRTHP{I )=BRTH(I)
DETHP(I)=DETH(I)
V L P (I )=V L ( I)
5 CONTINUE
IF{TIMEoLT* TM) GO TO 2 
CONTINUE
IFCICASE#EQ#NCASE) GO TO 9 
ICASE= ICASE ♦ 1 
GO TO 1 
9 CONTINUE





SUBROUTINE LENT(DELTX*N»Y,XFREQ,XSL,K K ,TAREA.Y08S)
D IMENSION Y O B S < 5 0  *DIFF<50>,DIFSQCSC>
DIMENSION Y (500)•XSL(50)«XFREQ(5C)
READ(5•IOC ) SLINT 
100 FORMAT(E12« 3)
ENTRY L E N I N (Y # XFREQ•XSL »KK•TARE A,YCES)
WRITE ( 6 . 2 0 0  SLINT
200 FORMAT(IX•'LENGTH INTERVAL CHANGE OPTION SELECTED*/ 
11QX t 'NEW DELTA L = • *E12«3 • *MILLIMETERS•)
K=SLINT/DELTX 
J J=K 










XSL(KK)=SLIN T*(KK— C*5 )
J=JJ+ 1 
JJ=JJ+K
IF( J.GT#N) GO TO 12 
GO TO 9
12 WRITE <6 *201)
201 FORMAT(1AX* • I•« 4X * ’LENGTH < M M )•* 2X » • Y OBSERVED•*2X•









W R I T E (6*210 ) I•X S L ( I) .YOBS(I )* XFR E C (I)•DIFF 11),DIFSQ< I) 
210 FORMAT(1CX*I 5*5E12*3>
15 CONTINUE
WR ITE(6 *220) SSDIF 




SUBROUTINE SIMP(Y O •Y,DELTX»N.AREA,FREC) 










AREA=(DELTX/3* 0)*(YO+4.0*SUMOD+2o 9 *SU MEV+Y(N)) 












IF(T# GT = 26c C ) GO TO 1
IF (T aGT*16* 0) GO TO 2
TEVP= Co8333*T+l8*333
GO TO 3




IF CTEMP*GT*11*0) GO TO 4




4 DO 6 1= 1* N







SUEROUTINE BIR TH(TI ME•P.XPI*K.8RTH)
DIMENSION P(500)»BRTH(500 >
C BIRTH FUNCTION --- POSITIVE SIDE OF A SINE FUNCTION
IF (T IME.LE.4.0) GO TO 2000 
GO TO 39
2000 AMP=EXP(0•855*TI ME)—1»0
2001 XS IN= 1 # S7#SI N( —XP I * TI ME )
IF ( XSIK«GE»0*0) GO TO AO
39 XSIN— 0
40 CONTINUE
7 DO 20 I = 1* K





SUBROUTINE OEATH(DEO» T. N. SL.PS I .TEMP) 








IF ( SL ( I )»LT»CEL« ANC»T« LTa SOD ) GO TO 20 
IF(SL(I)«GE«CEL»AND*T.LT.SOD) GC TO 18 
IF(S L (I)•LTo C C L ) GO TO 18 
D E D ( I )=1*0— E X P (— (XM+F+E)*T)
GO TO 21 
18 DECC I > = UO-EXP(-(XM+E)*T> 
GO TO 21 






SUBROUTINE NONLIN(DELL.F,SL.N ,XPI.NP,XP.IFIN) 
DIMENSION S L (500). F(5 0 0 ) »XP(20 )
DIMENSION X23(50C) . X 56(500).E 23(500) ,E56(500)
R E A D (5»100) S S L •SLL »NP 
C SSL=STARTING SHRIMP LENGTH• SLL=LAST SHRIMF LENGTH
C NP=NUMBER OF PARAMETERS
IOC FORMAT(2F12*0.IX,15)
C READ PARAMETERS
R£AD(5»110) (X P ( I ) •I=1«N P )
110 FORMAT! El 2* 5)
DO 10 1=1.N 
S L (I)=I+DELL 






CONST = 1«0/SQRT <2#G*XPI)
DO 20 1= I B. I FI N 
C NONLINEAR MODEL
X23(I )=XP( 2) *(SLC I )— X P (3)1 
X56(I)=XP(5)*(SL(I>-XP(6)>
E 2 3(I)=—0*5* X23(I)*X23(I)
E56CI )=-0«5*X56(I)*X56(I)
IF<ABS(E23(I))sGTo2C*C) E23CII=-20 d G 
IF(ABS(E56(I))«GT«20b 0) E56(I)=-20 o 0
F(I)=XP (7)*XP(2>*C0NST*Cl.O-O*5*XP(1>*(X 2 3 <I)-0»33333 
1 *(X 2 3 (I >**3)))*EXP(E23(I)>♦(C1«0-XP(7))*XP(5)*CONST) 
2*{1*0-0»5*XP(4)*(X56(I)-0.33333*(X56(I)**3>))* 
3EXP(ES6(I))
IF(F{ DoGE.C.O) GO TO 20 




SUBROUTINE TABLE(DELL,N,SL.PSI«IP ,A,IL) 
DIMENSION A ( 10),SL(5CC),PSI(500) 
READ(5.101> SSL.SLL.IPD 
IP =IPD +1
READ(5,102) (A ( I ) • 1=1.IP )
1-21 FORMAT(2F12.0.1X.I5)
102 FORMAT(FI2* 5)
00 9 1=1,N 
SL (I) = I*DELL 
P S K I  )=QmO  
9 CONTINUE
IS = SSL/DELL 
IB = IS + 1 
IL = SLL / bELL 
IF IN = IL - l!l  
DO 20 I = IB,IF IN 
SUM =0*0 
DO 10 J=2«IP
SUM = A(J)*(SL(I) ** (J-l)) ♦ SUM 
10 CONTINUE
PS 1(1 )=A( 1)+ SUM 
IF ( P S K I  )• GEb 0* C ) GO TO 20 






SUBROUTINE LO G N O R (XPI• NN .DELL•ALPHA.V•FREQ*N*XN) 
DIMENSION FREQ(500 ) •X N (500).XLOGI500) .A (500) 
DIMENSION ANUME( 5 0 0 ) .E(500)•D E N (500)*C(5C0)
READ(5.110) ALPHA,V 
riO FORMAT( 2E12« 4)




DO 7 I=1.N 
XN(I)=I*DELL 
FREQ( I )=0.0 
7 CONTINUE
DO 10 1=1.NN
X L O G (I)=ALOG(XN( I ))
A ( I)=XLOG(I)—ALPHA 
ANLMEtI )=A<I)*A< I )
ADENE=2oO*V
E(I)=-(ANUME(I)/ADENE)
IF(ABS(E(I)).GT. (50.0) ) GO TC 10 
DENI I )=BETA*SQRT(2oC*XPI)*XN(I)
C( I ) = ICC. 0 /DEN ( I )






DIMENSION FREQC5C0) ,S L (500).A N U M (500),E(5C0> • A (500 I 
DIMENSION COEFtSOO)
READ(5* 100) AMLX.V,ALPHA 
100 FORMAT C 2E12m 3)
R E A D (S.110) NN 
1 10 FORMA T ( 15)






A N U M (I)=(SLCI)-AMUX)**2
E( I )=— ANUMtI)/<2«0*V>
IF ( ABSC E(I ) )• GT» 50 aC ) GO TO 12
At I ) = (ALPHA/2.0)*(t(SL(I)-AMUX)/SIGMA)-((ANUMCI)* 
1(SL( I )-AMUX ) )/{ 3i,C*SIGMA**3) ) »





SUBROUTINE GRAPH(X • Y •N,T.SUMS•Y O B S >
DIMENSION YOBS(502)
DIMENSION B U F (60C O )»X(502).YC5G2)
DIMENSION AB( 6 ) * O R D ( 3 )»HE AD16>.TITLEl (3 ) «TITLE2(5) 
DATA AB/4HLENG.4HTH I.4HN MI«4HLLIM.4HETER«4HS /• 
10RD/4H FRE»4HQLEN*4HCY / .HEAD/4HSHRI «4HMP L.4HENGT, 
24HH F R •4HEQUE « 4H NCY /
DATA IITLEI/4HTIME «4H= W*4HEEKS/





X(N+2 ) = 1C.0 
Y(N+l)=&.0 
Y (N+2)=0.2C
CALL AXIS(G. 0 *0.0•ORD• +12 *2*0 * 90.0•Y(N+1),Y(N+2)) 
CALL AXIS(G.O aOaC* AB*—24»12.0» C . C .X(N + 1> ,X(N+2> ) 
CALL LINE(X«Y,N.1,-1,671
CALL SYMBOL! 1G.5«0e5•0.14,TITLE1.0.0•12 )
CALL NUMBER(11.2«0.5*G.14*T «O.C»-l >
CALL SYMBOL(10.5,l.C.O*14,TITLE2*C.0.16)
CALL NUMBER(12.5,1.C *0.14.SUMS,C.0.-1)
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